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PREFACE TO THE SECOND EDITION 


Thé'second edition is the result of the substantial rewriting of many 
chapters of the book. Several new problems have been added in each 
chapter. This has been done to meet the needs of students of differ- 
ent educational background with different professional fields in mind. 
Both CGS and the SI units have been employed throughout. 
Suggestions to improve the book will be gratefully acknowledged. 


K. K. SHARMA 


PREFACE TO THE FIRST EDITION 


In the study of Physical Chemistry, one comes across a large number 
of mathematical concepts that are introduced from time to time: Such 
concepts can better be clarified by solving numerical problems. This 
book is intended to help the student of physical chemistry clarify his 
concepts, by solving problems, which cannot be satisfactorily done in 
the textbook, due to the paucity of space. Each chapter begins with 
a brief introduction to the topic, laying special emphasis on mathe- 
matical relationship and units of the physical quantities. A large 
number of problems have been solved to illustrate the subject. This 
is then followed by exercises with the answers given at the end. Hints 
have also been given, wherever necessary. 

Although SI units have been used very frequently, some non-SI 
units have also been retained because of their practical importance 
or use in the specialized fields. 

The chapter on the mathematical methods apprises the student of 
the usage of slide rule and logarithmic tables, 

This book, though meant primarily for B.Sc. pass and honours 
Students of the Indian universities, will also be useful for engineering, 


pharmacy students, and those Preparing for the competitive examina- 
tions. 
The author is grateful to Dr Dilli 


p Singh Sharma, Lecturer in 
Chemistry, 


for his timely help and valuable suggestions. 
Suggestions for the improvement of this book are welcome. 


K. K. SHARMA 
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MOLES, FORMULAS AND 
STOICHIOMETRY 


The term stoichiometry, refers to relationships between quantities- 
of reactants and products in chemical systems. The weight of each 
element present in a sample of a compound may be determined by 
analytical procedures. It is common to express this weight in terms of” 
per cent. This is known as percentage composition. 

Mass of element in sample 
Total mass of sample 
Formulas, tell us the relative number of different atoms making up: 
a chemical compound. One of the most important quantitative con- 
cepts in chemistry is the mole. Since individual atoms or molecules 
are so small as to be virtually impossible to work with, the idea of a 
large collection of atoms or molecules, namely, the “mole” was 
developed. A mole of atoms is the mass in grams equal to the atomic 
weight. The mole is defined as the number of carbon atoms in 12.00 
grams of the isotope 1Са. This number is known as Avogadro’s 

number and has a value 6.023 x 10?*, This is a huge number! 

The atomic weights listed in the periodic table, gives the mass of an 
an element, as it occurs in nature relative to that of !?C atom, 
which is taken to be exactly 12. Atomic weights are average values. 
Often they are not whole numbers because most natural elements 
consist of more than one isotope. Carbon, for example, is mostly "C, 
but contains small amounts of 1°C, and C, so the average atomic 
weight of carbon is 12.0115. The atomic weight of hydrogen is 
1.00797; of cobalt 58.9332, and so on. The gram atomic weight is the 
mass of an element in grams, which is numerically equal to its atomic 


Percentage composition — x 100 


atom of 


weight. 

Molecular weight may be determined by summing atomic weights 
when the formula of a molecular substance is known. For instance, 
we know that the formula of water is Н.О. This tells us that each 
water molecule contains two hydrogen atoms and one oxygen atom. 
One mole of water molecules would, therefore, contain two moles of 
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hydrogen atoms and one mole of oxygen atoms. Therefore, the mole- 
cular weight of water is (2x 1.009)+-(1 x 16.00)=18.02 g. The gram 
molecular weight of water is 18.02 g. Formula weight is a widely 
used term as it can be employed both for molecular and ionic subs- 
tances. 

Empirical formula is the relative number of each kind of atom in a 
molecule. 

Molecular formula is the total number of each kind of atom in a 
molecule. 

A chemical equation represents a chemical reaction. The reactants 
are written cn the left side and the products on the right side of the 
equation. A balanced equation gives (i) reactants and products in a 
chemical reaction, (ii) relationship between moles and masses of pro- 
ducts and reactants in a chemical reaction. For balancing more com- 
plicated equations, the concept of oxidation numbers of the elements 
must be understood. Oxidation numbers ure assigned according to 
the following arbitrary rules: 

(a) All the elements in their elemental state are assigned zero 
oxidation number. 

(b) Oxygen in compounds is assigned an oxidation number of—2. 

(c) Hydrogen in compounds is assigned an oxidation number of 
ДЕ 

(4) The sum of the oxidation numbers for a molecule must equal 
zero. 


(е) The sum of the oxidation numbers for an ionic species is equal 
to the charge on the ion. 


Rules for balancing simple equations. The following rules must be 
followed for balancing equations: 

1. Balance the metals present first. 

2. Balance the non-metals except hydrogen and oxygen. 

3. Balance hydrogen and oxygen. 

4, Check all elements. 

5. Repeat in the same order till all are balanced. 

Sometimes redox equations which occur in the absence of a solvent 
may be quite difficult to balance by inspection method. When several 
substances are involved, the key ratio required to balance the equa- 
tion may be readily apparent. In such cases oxidation number method 
may be employed. The following rules must be followed: 

1. Determine the oxidation number of each element present 

(0 (0) (+3) (—2) 
Al + $ —-> AlS; 
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2. Indicate the changes in oxidation number. 


oxidation 
+ increase+3/atom | 
Al+S + 1,53 
+ decrease—2/atom a 
reduction . 


3. Multiply the substances oxidised and reduced by the proper 
coefficients to make the increase in oxidation number equal to the 
decrease. 

increase 2x 3—6 
decrease 3x 2—6 
2 Al+3S—Al.S3 

4. Continue as for simple equations. 

5. Check. 

Problem 1.1. Balance the equation: 


Ba-- NH5—Ba;N,--H, 


Rule 1. (0 (—3)+1)  QG-2(—3 (0) 
Ba --NHs——-—-Bas № Н, 


oxidation 
Rule 2. ` | increase+2/atom | 
Ba+NH, —- Ba;N44-H, 
1 decrease— 1/atom f 
reduction 
Rule 3. 
3Ba--2NH;-—BasN;- 3H; 

Problem 1.2. Using the modern experimental techniques, the mass 
of one atom can be determined. If the mass of one sodium atom has 
been found to be 3.82 x 107??g, how many sodium atoms are contain- 
ed in one mole of sodium? | 

Solution. The atomic weight of sodium is 22.9 8, and 3.82x 10-23 
g isthe weight of one atom of sodium. 22.9 g will be the weight of 
EET or the number of sodium atoms in one gram-atom 
—6.02: 1023. A mole of atoms is the mass in grams equal to the 
atomic weight. A mole of atoms contains Avogadro's number of 
atoms (6.02 x 103). ` 

Problem 1.3. Calculate the per cent yield if the reaction of 64.0 g 
of МаВНа with iodine produced 15.0 g of Bls. 

Solution. 1. Balanced equation 

NaBH,--4I,—-» BI,+Nal-+-4HI 
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2. 1 mole NaBH,—-1 mole BI, 
NaBH, 1х23.0=23.0 


1x10.8—10.8 

_ 40 

— 31.8 g/mole 
ВВ 1х10.8=10.8 

380.7 

391.5 g/mole 


4х 1.0 


3x 126.9= 


` 640 
37187 1.69 mole МаВНа 
Calculated yield=1.69 mole NaBHi x 392—662 g BI; 


3. Per cent yiela- 152 x 100—2.27 per cent. 


Problem 1.4. In a specific compound, the per cent of oxygen is 
18.6. There is one mole of oxygen atom (a gram-atom) in each mole 
of the compound. What is the molecular weight of the compound? 

Solution. 100 g compound contains 18.6 g oxygen and 81.4 g other 
atoms. : 
18.6 g oxygen corresponds to 81.4 g of other atoms 
16 g oxygen will correspond to AX 16.0 

=70 g of other atoms 


Molecular weight = 70+16 = 86. 


or 
18.6 g of oxygen corresponds to 100 g of compound. 
16.0 g of oxygen will correspond to E x 16.0=86. 


Problem 1.5. A sample of sodium chloride, NaCl contaminated 
with KBr weighs 0.225 gram. It was found to contain 0.840 gram of 
sodium. 

(i) How many moles of Na did the sample contain? 

(ii) How many moles of NaCl did the sample contain? 

(iii) How many moles of Cl did the sample contain? 

(iv) How many grams of NaCl did the sample contain? 

(у) What was the purity of the sample? 

40 Е 
Solution. (i) эз edle =3:65 VLOOIE Na 
3.65 107° mole М —3.65х 10"? mole NaCl 
(ii) 1 mole Na à 
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Pe 3.65x 10-3 NaCl 
gi) I mole Nax 1 mole NaCl 


73 
3.65x 1073 mole NaCl _ 0.214 g NaCl 


3.65 x 107? mole Cl 


Gv) 58.5 g NaCl 
уу 9:214 g NaClx100 _ 95 | per cent. 
7108701205 


Problem 1.6. Cyclopropane is а gas that is used as a general anes- 
thetic. The gas has a density of 1.50 g/litre at 50°C and 0.948 atm. 
(a) What is the molecular weight of cyclopropane? (b) The empirical 
formula of cyclopropane is CH». What is the molecular formula of 
the compound? 

Solution. (a) Since the density is 1.50 g/litre, 1.50 g of the gas will 
occupy 1.00 litre under the conditions specified. 


а 
Py=( Е Jar 
(0.948 atm)(1.00 litre)= (55) (0.082 litre atm/K. mol) 
(323 K) 
-. M= 42.0 g/mol 


(b) The formula weight of the empirical formula is 14. 
Since (Empirical formula), = molecular weight. 
Ex. os 
14 
-. The molecular formula of propane will be СзН,. 
Problem 1.7. How many litres of CO(g) at STP are needed to 
reduce 1.00 kg of Fe,O,(s)? The chemical equation is 
Fe,0,(s)-+- 3CO(g)——>2Fe(s) 4-3CO.(g) 
Solution. From the chemical equation 
1 mol Ее. О; = 3 mol CO 
1 mol FeO; = 159.6 g Fe,O3 
1 mol CO = 22.4 litres CO at STP 


„. 2 litre CO = 1000 g Fe;O; (15:6 Feo, Са Fe,0.) 


22.4 litres CO 
1 mol CO ) 
= 421 litres CO. 


Problem 1.8. A 0.400 g sample of sodium azide, NaN,(s), is heated 
and decomposes. 
2NaN,(s) —>2Na(s)+3Na(g) 


п 
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What value of No(g), measured at 25°C and 0.980 atm is obtained? 
Solution. From the chemical equation: 
2 mol NaN;=3 mol № 
1 mol NaN; =65.0 g NaN, 
2. 2 mol N,—0.400 в мам, SEIN )( DE Nx. 
=0.00923 mol №, 
We find the volume of N; (g) by using the equation of state. 
PV=nRT 
(0.980 atm)(V)= (0.00923 mol)(0.821 litre/K. mol)(298 К) 
V =0.230 litre. 


Problem 1.9. Morphine contains 67.3 per cent carbon, 4.6 per cent 
nitrogen and remaining are other constituents. Calculate the relative 
number of carbon and nitrogen atoms in morphine. 

Solution. 100 grams of morphine contains 67.3 g carbon and 4.6 g 
nitrogen. The atomic weight of carbon is 12.011 g/gram-atom and 
that of nitrogen is 14.006 g/gram-atom. 


67.3 g of carbon - Oh = 5.60 gram-atoms 
4.3 g of nitrogen 52. — 0.33 gram-atom 
14.006 д $ 


5.60 gram-atoms of carbon per 0.33 gram-atom of nitrogen is the 
same as 5.60 atoms of carbon per 0.33 atom of nitrogen or C = 17 
atoms N = 1 atom. 

Problem 1.10. Natural oxygen consists 99.759 per cent of 180 with 
mass 15.9949 amu, 0.037 per cent of 170 with mass 16.991 amu and 
0.204 per cent of 18O with mass 17.9991 amu. With this distribution, 
calculate the chemical atomic weight of natural oxygen. 

Solution. Let the total number of atoms = 100,000 of these 
99,759 will have mass 15.9949 amu — 1,595,635 


37 will have mass 16.9991 amu — 630 
204 will have mass 17.9991 amu — 3,670 
100,000.atoms will weigh — 1,599,935 


The average atomic weight of natural oxygen will be 15.999. 

Problem 1.11. A drop of water is about 0.05 ml. The density of 
water at room temperature is about 1.0 g/ml. How many H,O mole- 
cules are present in a drop of water? 
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Solution. Volume of 1 drop of Н2О = 0.05 ml 
Weight of 1 drop of H:O = 0.05 x (1.0 g/ml) 
== 0.05 g 
he molecular weight of HAO = 2х1+1 x16 = 18.0 amu. 
Since one gram mole of water at NIP contains 6.02 x 1023 
18 g Н.О contains = 6.02x 1023 molecules 
6.02 x 1023 x 0.05 
0.05 g Н.О contains = 8 = 
= 2x 10?! molecules. 


=. Number of water molecules in a drop of water = 2 x-10°1. 

Problem 1.12. Green plants produce glucose (C;H;,0;) and mole- 
cular oxygen by “photosynthesis” of carbon dioxide and water. How. 
many grams of CO» are required to produce one mole of glucose? 

Solution. The chemical reaction in photosynthesis can be symbolized. 


as, 
6CO,+ 6H,0-C,H,.0,+ 60, 


e 6 moles СО» 
Number of gram of CO,—1 mol С,Н,.Огх T mole СНО; 
44.0 g СО, 
] mole CO; 
—264 g СО, 
—264 g СОг. 


Problem 1.13. The perceatage composition of a compound was 
found to be 65.8 per cent Pb, 16.5 per cent Cr and 17.7 per cent О. 
What is the empirical formula of the compound? (Atomic weights of 


Pb=207.2, Сг= 52.0, О =16) 
‚ Solution. Let us consider 100 grams of compound. 


А 65.8 
Number of moles of Pb 72073 


— 0.318 mole. 


16.5 
Number of moles of -Cr 7520 


— 0.317 mole. 


Numb f moles of тыс 
umber of moles of О 160 
` = 1.11 moles. 


0.317 mole Cr 
0318 mole pp = 1 2 Ct for 2 Pb) 
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1.11 mole O 
0.318 molePb. = 3.5 (7.0 for 2 Pb) 

The empirical formula is Pb,Cr.O7. à 

Problem 1.14. How many grams H, must react with an excess of 
“О» to produce 5.40 g H,O? 

Solution. There are several new features in this problem: 

(i) О» is in excess. 

(i) Information is sought about the required amount of one of 
“the reactants (H3) instead of the product (H,0). 

(iii) Information is given and sought in the unit gram rather than 
mole. 

-. Number of grams of H,=5.40g H.Ox FOTO н.о 

2 mole Н, | 2.02g Н, 
2 mole H,O ^2 mole He 
—0.606 g He. 

Problem 1.15. Hydrazine, М,Н, (used as а fuel in rocket systems) 

"сап be produced according to the following reaction: 
CINH;--2NH;—-—N;H;--NH,CI 

‘When 1.00 kg CINH, is reacted with large excess of NH;, 473 в N,H4 
is produced. What is the per cent yield of the reaction? 


Solution. For calculating the per cent yield both the theoretical 
and actual yield must be known: 


Actual yield of hydrazine is 473 g. 


Theoretical yield is the maximum amount of М.Н. that can be 
produced by reacting 1.00 kg CINH, with an excess of NH;. Number 


of gram of hydrazine, N,H,— 1.04 kg CINH, x 1000 = © 
x 1 mole CINH, d 1 mole №На | 
51.5 g CINH, 1 mole CINH, 
32.0 g NH, 
x 
Т mole NH, 
=621 g NH, 
Actual yield 
Theoretical yield х 100 
437 g №Н, „ 10у 7 
= 2 * = 70.4. 
621 g NoHa 


Per cent yield= 


M В 
Problem 1.16. It was found that 25 cm? of то Phosphorus acid 
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(H3P0;) neutralised exactly 40 cm? of a solution containing 5 g sodium 
hydroxide per dm’. Deduce the equation for the reaction, between 
sodium hydroxide and phosphorus acid. 


Т к 25 1 
Solution. Number of moles of H,PQ3= 1000 x 10^ 2.5x1073 
Number of moles of NaOH = mae. x ох 10-3 
1000" 40 


.". the mole ratio of the reactants is 
NaOH:H;PO,=5 x 1078:2.5 x 1073=2:1 
Hence the equation for the reaction is - 
2NaOH-+HsPO3=Na;HPO,+2H,0 
Problem 1.17. A small piece of pure aluminium metal having a 
volume of 0.650 cm? is reacted with an excess of hydrochloric acid. 
What is the weight of hydrogen obtained? (The density of aluminium 


is 2.70 g/cm?) 
Solution. Number of gram of aluminium — 0.65 x 2.70 
= 1.765 Al 
сше 1.76.5 
Number of mole of aluminium =- o =0.0652 mole 
Number of mole of Hydrogen = 00652x 30.0978 mole 


_ 0.0978 x 2.02 g H: 
1 mole H, 
= 0.198 g Н, 
Problem 1.18. Calculate the oxidation number of the italicized ele- 
ment in the following compounds. 
(a) H2SO4, (b) SO;, (c) MnO», (d) K;Cr;Os, (е) MnOs, 
(7) КаЕе(С№), 
Solution. Let х be the oxidation number of the italicized element. 
(a) HSO; 
1x2+x+(—2) x 4=0 
h 2+x—8=0 
х= +6 


Number of grams of Н» 


(b) SO; 
x+(—2)x2=0 
x=+4 
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(c) MnO, е 
x+-(—2)x2=0 
x=4 
(d) K;Cr;O; 
(+1) x2+2x4+(—2)x7=0 


2+-2x—14=0 
x=+6 
(г) MnO 
x+(—2)x4=—1 
x—8——1 
X=+7 


(7) KiFe(CN), 

(+1)x 4+x+(—1)x6=0 
x=+2 

Problem 1.19. Balance the following equations: 

(a) H5AsO-- H.S—H5As0,--S--H ,O 

(b) KMnO: + FeCl, +HCIl>KCI+H,0 +MnCl,+ FeCl; 

(с) Sn+HNO;+H,0 —Hio8n;015-.- NO 

° Solution. (a) In this reaction the oxidation number of As changes 
from--5 to + 3. The net change is 2. The oxidation number of S in 
Н.5 is —2 and it becomes zero in element S. The net change is again 
2. The equation is thus balanced. 

(b) The oxidation number of Mn changes from+-7 ю--2 a change 
of 5. The oxidation number of Fe changes from+2 to+3a change 
of 1. The balanced equation will be 

КМпО.-- SFeCl;-- 8HCI>KCI+4H,0-+MnCly+5FeCl, 

(c) The oxidation number of Sn changes from 0 #04-4 change of 4, 
i.e., change of 20 per molecule of HySnsO,;. The oxidation number 
of nitrogen changes from + 5 to + 2 а change of 3. The balanced 
equation will be ч 

15Sn--20HNO;+H,0>3HiSns0i;+-20NO 


EXERCISES 
1.!. How many moles are there in я 
(a) 17.5 g of Sn (с) 7.20 g of H,O 
(b) 50.0 в of NaCl (d) 160.0 g of CCl, 


[Ans. (a) 0.147, (b) 0.855, (c) 0.40, (4) 1.05.] 
1.2. How many molecules are there in 
(a) 6.0 moles of benzene (с) 6.0 в of Мас! 
(b) 6.0 g of benzene (d) 6.0 g of Хер, 


1.3. 


1.4. 


1.5. 


1.6. 


1.7. 


1.8. 


1.9. 


1.13. 


1.14. 
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[Ans. (a) 3.61 x 10%, (b).4.62X 10:2, (c) There are no molecules of NaCl, 

(d) 1.74x 10?*.] 

Analysis of chlorophyll shows that it contains 2.68 per cent magnesium. 
How many atoms of magnesium does 1.00 g of chlorophyll contain? 

[Ans. 6.62 х 10% atoms.] 

Natural bromine is composed only of 32Br and $1Вг. The first of these 

isotopes has a mass of 78.9183 amu and the second 80.9163 amu; Cal- 


culate the relative abundance of the two isotopes. 
[Ans. 50.65 per cent TBT and 49.35 per cent $iBr] 


How many atoms of copper аге there in a piece of copper that weighs 
the same as a piece of aluminium that contains 486 х 10?! aluminium 
atoms. [Ans. 2.08 х 1022.] 
In making transistors опе needs to control the concentration of impurity 
very carefully. Suppose you wanted to makea germanium transistor 
containing 1.0 10'* boron atoms per cubic centimetre as impurity. If the 
density of germanium is 5.35 glcm?, what relative weights of germanium 
need to be mixed. 

[Ans, 5.35 g of germanium and 1.8x 1075 g of boron.] 
LSD is a complex compound whose mass is made up of 74.27 per cent 
carbon, 7.79 per cent hydrogen, 12.99 per cent nitrogen and 4.95 per cent 
oxygen, What per cent of the atoms in LSD are carbon atoms? 

. ў [Ans. 40.8 per cent,] 
Calculate the weight of one molecule of quinine, C2oH2sN202. 

[Ans. 5.39 х 107*%g-] 

Поп metal reacts with chlorine gas according to the equation: 
2Fe(s)+3Cla(g)->2FeCls(g). How many moles of Cls(g) are required to 
convert 3.6 mole Fe to FeCl;? [Ans. 5.4 mole Сї.) . 


. The reaction of calcium hydride with water can be used to prepate small 


quantities of hydrogen gas. 
CaHs(s)--2H30(D + Са(ОнН)»(а9.)+2Н:(8), 
(а) How many moles of Hs(g) result from the reaction of 150g CaH; 
with excess of water? i 
(b) How many grams H,O are consumed in. the reaction of the 150g 


CaH;? 
[Ans. (а) 7.13 mole Hs; (b) 128 g н.о.] 


. Pure silver metal results when silver carbonate is decompos:d on heating, 


according to the reaction, 

2Ag,COa(s)>44a(s) +2CO2(g) + O2(8) 
In one particular reaction, 12.3 g Ag is obtained. How many grams of 
AgsCOs must have been decomposed? [Ans. 15.7 g] 
A 12.0 g sample of an aluminium copper alloy consisting of 9.5 per cent 
Al is reacted with an excess of hydrochloric acid. Only the Al reacts. 
How many grams of Н, are produced? [Ans. 1.28 g H».] 
How many millilitres of a water solution of KMnO. containing 158gll 
must be used to complete the conversion of 75.0 g KI to iodine (Iz) by 
the reaction 

2KMnO,+10KI+8H2SOi+6K2SO; +2MnSOi+51;+8H:0. 

е [Ans. 90.5 ml.] 

A material X was found to contain 8.62 x 10°% molecules of X іл 3.396 
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1.15. 


1.16. 


1.17. 


1.18. 


1.19. 


1.20. 


1.21. 


1.22. 


1.23. 


1.24. 


1.25. 


of X. Calculate the molecular weight of X. 
A drug marijuana owes its activity to tetrahydrocannabinol, which con- 
tains 70 per cent as many carbon atoms as hydrygen atoms and 15 times 
as many hydrogen atoms as oxygen atoms. The number of moles in a 
gram of tetrahydrocannabinol is 0.00318. Determine its molecular 
formula. [Ans. C.,H2903.] 
An impure sample of aluminium sulphate weighs 2.732 grams. it was 
found to contain 7.75X10^? moles of Al,(SO.)3. What is the purity of 
the sample expressed in terms of percentage of aluminium sulphate? 
[Ans. 97.1 per cent.] 
How many grams of hydrogen sulphide contain one half as many 
molecules of H:S as there are in 100 grams of iron? [Ans. 30.6 g.] 


Dichlorofluoromethane, a widely used refrigerant, can be prepared by 
the following reactions: 


CH;44-Cl;—CCl,--HCI 
CCI;-HF- CCLF;-4- HCI 5 
How many moles of Cl; must be used to produce 25.0 moles of ССЬЕ:? 
[Ans, 1.0x 10? mole Cla.] 
Which of the following statements are true and which are false? Explain. 
(a) A reaction tends to 80 to completion if it is carried out in an open 
beaker. 
(6) All reactions in which a gaseous product forms go to completion. 
(c) Continuous removal of one of the products of a chemical reaction 
causes the reaction to go to completion. 
[Ans. (a) false; (b) false; (c) true.] 
Which of the following reactions would you expect to go to completion 
and which to be reversible? 
(a) FeS(s)-- HCl(aq)- FeCl;(ag)-- H2S(g) 
(b) NO(g)--O:(g)-- NO: (в) 
(с) Na2SO,(aq)+ BaCl,(aq) > NaCl(aq)-+BaSO,(s) 
(d) Cls(aq)+ H0(1)-+HCl(aq)++HCl(aq) 
[Апз. (а) completion; (b) reversible; (c) completion; 
(d) reversible.] 
What is the empirical formula of à compound for which an analysis gave 
0.653 mole of K, 0.653 mole of CI, and 1.306 mole оГ О. [Ans. КСЮ:.] 
The per cent of nitrogen in a compound is 20.0 per cent and there are 
2.00 moles of nitrogen atoms per mole of compound. What is the mole- 
cular Weight of the compound? [Ans. 140 g/mole.] 
An unknown oxide of manganese is reacted with carbon to form man- 
ganese metal and carbon dioxide, Exactly 31.6 g of the oxide Мп,О,, 
yield 13.2 g of COs. Find the simplest formula of the unknown oxide. 
$ [Ans. Mn2Os.] 
Nitromethane, (СНзМО:) is used as a fuel in aircraft and in racing car 
engines. When burned the products are CO,H,O and NO. How many 
grams of oxygen are required to completely burn 122 grams of CHsNO:? 
[Ans. 80.0 g.] 
Reaction of xenon with excess fluorine, Produced a mixture of three pro- 
ducts, each containing Xe and F and weighing a total of 2.073 grams by 
weight. The mixture contained 20 per cent XeF2, 60 per cent A and 20 


1.31. 


1.32. 
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per cent B. Product B contained 0.193 gram of fluorine. Identify A and В 
(Total Xe=1331 g). [Ans. 4—XeFi; B=XeF;.] 


. Ethyl alcohol reacts with phosphorus tribromide according to the 


following equation, 
3C,H;0H+PBrs+3C2HsBr+HsPOs 
How many grams of C:H;Br could be produced from 5.42 frams of 
PBrs? [Ans. 6.54 g.] 
Calculate the number of moles of oxalic acid (H2C2Ox) present ina 
solution, 10.00 ml of which requires 18.35 ml of a 0.04982 M solution of 
NaOH for neutralisation. What is the molarity of the acid? 
[Ans, Moles of oxalic acid in the sample=4.57x10~*, molarity of 
oxalicacid=4.57 x 107*.] 
The equation 
СаСОз($)-> CaO ‘s)+CO2(g) 
represents the thermal decomposition of calcium carbonate in which 
carbon dioxide is driven off. According to this reaction, how many 
grams of СаСОз must be decomposed to yield (a) 3.00 moles of СО», 
(b) 4.0 g of СО», (с) 1.00 moles of СаО. 
[Ans. (a) 300 g CaCO», (b) 9.1 в CaCOs, (c) 100  СаСО:.] 
A 7.00 g sample containing a mixture of CaCOs and NaHCOs is heated 
causing the two compounds to decompose according to the following 
equations: 
2NaHCOx(s) 7 NasCO»(s)-- H3O(g) 4- CO:(g) 
СаСОз(ѕ) = СаО(5) + СОз(в). 
If, after decomposition is complete, there remains 4.00 g of solid residue, 
how much of the original sample was NaHCOs? [Ans. 1.04 g.] 
Write the balanced redox equation for the following half reactions: 
(i) MnO, --8H*--5e > Мп++-4Н,О 
2C СІ, +2е7 
(ii) Н++е --HNO;— МО+Н: 
2Н1-1.+29++2е7 
(iii) Fa--2e€ —2F^ 
AI+Al*++3e7 
[Ans, (i) 2МпО: +16H*+ 10CI”+2Mn*++8H20+5Cl, 
(ii) 2HNO,+2HI+2NO + 2H,0+1, 
(iii) ЗЕ» 4+2А1-> 6Е—+-2А12+.] 
Supply the missing coefficients in the following ionic equations: 
(i) — Ce*--H30, — Ce**-O, -2H* 
(ii) — 8,0,* --—OH 38:0: +2803°" +3H,0 
(iii) — IO» +5Н$0; —-—H*-T1 -—HSO4^4-H,O 
(iv) — МпО: 5H4,0,--6H* ^ —Mn** —H;0 4-—O; 


[Ans. (i) 22 (ii) 2, 6> (iii) 2, 225 (iv) 2-2, 8, 5.]. 
A mixture of the substances, Ca(H;PO,). НзРО., and CaSO,, in the 
mole proportions represented in the equation given is called super- 
phosphate of lime and is used as fertiliser. 


5Саз(РО:):+11Н.$0.—4Са(Н:РО:).--2Н.РО,--11 CaSO, 
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(i) How much HSO; is required to convert 2.00% 10? kg Саз(РО1)з tc 
superphosphate of lime? y 


(ii) How much superphosphate of lime can be obtaiaed from 2.00x 10°kg 
of Саз(РО+)з by this reaction? 


(iii) Show that ihe total mass of products is equal to the total mass of 
reactants for the reaction described here. 


[Ans (i)1.39x10? kg H3SO. (ii) 3.39 x 10? kg.] 


2 
GASEOUS STATE 


Matter may exist in any of the three states of aggregation, solid, 
liquid and gas. The gaseous state is characterized by the fact that the 
density of matter in this state is lowest i.e the moleculesin a gas are 
separated by a large distance. р 


Gas Laws 
A gas that obeys Boyle’s law and Charles’ law is said to be ideal. 


Boyle’s law. Boyle found that at constant temperature the volume 
of gas appeared to vary inversely with pressure. Mathem atically, 


V «o 
1 ; 
or V-k| — Е 
(+) E 


where k is a proportionality constant. 

Charles’ law. It states that volume for any definite quantity of a 
gas at constant pressure is directly proportional to the absolute 
temperature. Mathematically, . 

V—K,T Mec 2) 


where K; is a constant of proportionality, depends upon the pres- 
sure mass and nature of the gas and the units in which volume is 


expressed. 
The combined gas law. If a quantity is independently proportional 


to two other quantities, a rule of proportionality states that the first 
quantity is also proportional to the product of the other two, i.e. 


vas TUNG) 
VaT 4 REA) 
Va 

or PV=KT A 5) 


where K is constant of proportionality. This is known as the combin 
ed gas law. Since the volume of a gas is an extensive property, at 
constant temperature and pressure, the volume of an ideal gas is 
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proportional to the number of moles of the gas. Since pressure and 
temperature are intensive properties, i.e., they do not depend on the 
number of moles of the gas, K must also be proportional to the 
number of moles of the gas. That is 

Kan 
or К = Rn ... (6) 
where R is a constant known as ideal gas constant. 

Equation (5) can be written as, 


PV —nRT E iA) 
Values for Ideal Gas Constant R 
8.31431 JK^ mol: 
1.98717 cal K^! mol-1 
0.0820575 l-atm K^ mol“: 


8.31431 X 107 erg K^? mol: 
Graham’s law. The rate of diffusion of a gas is inversely propor- 
‘tional to the square root of the molecular weight of the gas 


Rate о 1/V Molecular weight ... (8) 


Kinetic Theory of Gases 

The kinetic theory of gases assumes model gas and we can postulate: 
certain properties characteristic of a model gas, 

First postulate. The gaseous substances consist of molecules that. 
are far apart in comparison with their own diameters. 

Second postulate. The gas molecules ate in a state of constant 
random motion interrupted only by collisions with each other and 
with the walls of the container. 

Third postulate. The gas molecules are perfectly elastic and the 
walls of the container are perfectly elastic. 

Fourth postulate. The average kinetic energy of molecules is propor- 
tional to temperature. 

From the kinetic theory of gases the pressure P exerted by an ideal 
gas can be calculated from the eapression, 


_ 1 тиб? 
= уе ... (9) 
where т is the mass of one molecule, п is the number of molecules 
and C is the root mean square velocity. V is the volume occupied by 
the gas. А 
Average velocity. The average velocity Ca» of the molecules may be- 


defined as - 
8RT 
Car = A/ nM ‚.. (10), 
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Most probable velocity. This is the velocity possessed by most of 


the molecules and is defined as 
2RT 
C (most probable) = PUTES vas (LI 


Root mean square Velocity. The root mean square velocity c is. 


defined as 
z ЗЕТ. 
c= М 4542) 
Boltzmann equation. It is а very important equation and finds 
applications in many aspects of physical chemistry. The equation is 
п» —E;, 
SUD {RT acy 
where лу. is the number of molecules in any specified energy state 1, 
and n, is the number in the same volume in a state 2 in which the 
potential energy is E per mole in excess of that in state 1. Both states 
must be at the same temperature T. The exponential factor e` EIRT is 
known as Boltzmann factor. 
Virial equation. It is given by the relation, 

A ola NT 
where V is the molar volume, B and C depend on temperature but not 
on V. 

Mean free path. The mean free path length L is defined as 


= Zi = 
= 9015) 


e о is the collis on diameter. n* is the number of "molecules per 


wher 


cubic centimetre. 
The number of collisions per second is known as collision number 


and is denoted by Zi 
A= A/2no?Con* ... (16): 
Gav is the average molecular speed of molecules. 

The number of collisions per second per cubic centimetre is called 
collision number and is denoted by 711. Since there are n* molecules. 
per cubic centimetre and each of these molecules has 21 collisions 
per second, the total number of collisions per second per cubic 
centimetre will be 4n*Z,. The factor ensures that each collision wil 
not be counted twice 


Zu-- М 2n02Cav (n*)? 


=з (п*)? eO 07) 
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van der Waals equation. This equation is used to express the be- 
haviour of real gases, and can be expressed as, 
( Р+ 9 ур = ЕТ ... (18) 
The constants а and b are known as van der Waal’s constants and 
express the mutual attraction of molecules and their size respectively. 
Critical constants. Consider a volatile liquid confined to a sealed 
container capable of withstanding very high pressures. As the tem- 
perature of the system is increased the density of the vapour will 
‘increase due to the increased number of molecules in the vapour 
phase. At the same time the volume of liquid will increase and so the 
density of the liquid will decrease. As the temperature is further 
increased a point will be reached at which the density of the vapour 
phase will equal that of the liquid phase. The temperature, pressure, 
апа volume at which this occurs is called the critical temperature To, 
critical pressure Pc, and the critical volume, Vc, of the substance, 


and the point which they characterize is called the critical point oL" 
the substance. The critical constants are expressed in terms of van der - 


Waal’s constants, a and Р, gas constant R, and the temperature of the 
gas i.e. 


аа) 

Ис =3b; Ре = 7 | 
E a ss: (19) 

Ro] 


Law of corresponding states. It can be shown that if the pressure, 
volume and temperature of a gas are expressed as fraction of critical 
pressure, critical volume, and critical temperature, the quantities 
thus obtained are known as reduced pressure x, reduced volume ф 
and reduced temperature 0 i.e. 


P. y. T 
pe Ve m ... (20) 


‘On substituting these quantities in the van der Waals equation we get 
reduced equation of state, 


(«+ 3) 0-ю | "ros 


Problem 2.1. What volume would 1.3 moles of a perfect gas 
occupy at 39°C and 3.9 atm. pressurs? 
Solution. PV =nRT 
nRT 
755 
п = 1.3 mole 


Gaseous State 19 


T=312K 

P=3.9 atm. 

R=0.0821 

V 1.3 mole x 0.0821 litre atm. mole 1 x 312K 
3.9 atm. 


V—8.5 litres. Р 

Problem 2.2. Gas A diffuses through and opening at the rate of 
30 с.с. per minute. Gas В diffuses through the same opening at the 
rate of 15 с.с. per minute. Which gas is heavier? The density of A is 
1.0 g/l. Calculate the density of B, pressure and temperature are the 
same for both gases. 

Solution. Let the rate of diffusion of gas A be rs and that of B be 
гв. According to Graham' s law of diffusion 


~ 1.0 g/l 
ds =4.0 g/l. 

Gas B is heavier and density ds of В is 4.0 g/l. 

Problem 2.3. A cylinder having a volume of 25.0 litres contains a 
gas at a pressure of 6.78 х 108 Pa and a temperature of 25°C. Assum- 
ing the gas to be ideal, how many moles of gas are there in the 
cylinder? : 

Solution. PV—nRT 

P=6.78 x 109 Ра 


V=25.01 
T=298 K 

PV __6.78 x 10° x 2.50 х 107? 
Ерт 8.314 х 298 
п=68.4. ; 


Problem 2.4. A gas balloon having a volume of 10.0 litre at 25°C 
and 1 atm. pressure rises to an altitude where the temperature is 
—10.0*C and the pressure is 500 mm Hg. What is the volume of the 
balloon at this altitude? 

PY PIE, 
TI gu 
P,—] atm.—760 mm Hg 
Ті=228 К 


Solation. 
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V,—10.07 
P,=500 mm Hg 
Т.=263 K 


Ps 
y. 760 x 10.0 x 263 
Е 298 x 400 
Г.=13.4 litre. п 
Problem 2.5. Calculate the r.m.s. velocity of CO, molecules at 
‚ 27°C (Mol. wt. of CO, =44). 


Solution. Root mean square velocity C — д SEE 3RT 


where M=44 
R=8.31 х 107 ergs deg-? mole™ 
T=273+27=300K 
= / 3x 8.31 x 107 x 300 
CA лал 
—4.15 x I0! cm $ 1. 

Problem 2.6. Calculate the temperature at which oxygen molecules 
will have the same r.m.s. velocity as carbon dioxide molecules at 
27°C: 

Solution. Ссо„==бо» 

Mco,=44 
Мо,=32 
To= 
Тсоз=300 K 


(ва MA 3RTco, 
Моо» 


3R x 300 x ue 
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Problem 2.7. What is the volume occupied by 3.50 g Cl (g) at 45*C 
and 745 torr? 


3 = latm — 

Solution. P—745 torr x 760 torr tor; 0-980 atm 
E=? 

1 mole Cl; 

n=3.5 g Cl; x 70.9 g Cl, 


_ 3.50. 
70.9 
п= 0.0494 mole СІ». 
R=0.0821 1 atm mol? K^! 
Т=273--45=318 К 
Since PV=nRT 


n mole Cl, 


_ ВАТ 4. J. y 
v= 99 t? 
" y= 0.0494 x 0.0821 1 atm x 318 К I3 


0.980 atm mol K 
V=1.32 1 
Problem 2.8. A meteorological balloon had a radius of 1 m when 
released from sea level and expended to a radius of 3 m when it 
had risen to its maximum altitude where the temperature was 
—20°C. What is the pressure inside the balloon at that height? 
Solution. We know that for an ideal gas P,V;—nRTi and 
P,V,—nRT, AR in 
Р.И, + q- „Р.У c 
nRT:  ПАТ, 


(e 


the maximum altitude. 


Үк, 
В, \2/Т, 
P,=(— za. / 
Я F9, (zje ~ Hs 
R,=1, R,—3, P,—1 atm, T,—253 df 
Т,=298 К | 
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133, 253 К nU 
P.=( x) (598%) * latm 


=0.031 atm 

Problem. 2.9. A glass vessel weighs 40.1305 g when clean, dry, and 
evacuated; 138.2410 g when filled with water at 25°C (d =0.9970 g/cm’) 
and 40.2487 g when filled with a gaseous substance at 740.4 torr and 
24.1° C. What is the molecular weight of the gas? 

Solution. Weight of water to fill the vessel 

=138.2410 g—40.1305 g=98.1105 g 

Volume of water (volume of vessel) 


= lcm? Н.О 
=98.1105 g H,Ox 0.9970 = H,O 
—98.41 cm? 

Я =0.09841 1 

Weight of the gas = 40.2487 g— 40.1305 g 

=0.1182 g 

Temperature =273.15--24.1°С=297.2 К 
P latm _ 

Pressure —740.4 torr x 760 torr 09742 atm 
_ mRT 
M= EY 


M= 0.1182 x 0.082061 atm x 297.2 К. 
0.9742 atm mol К x 0.09841 1 


=30.07 g/mole 


Problem. 2.10. What is the pressure of a mixture of 1 g of hydro- 
gen and 1.4 g of nitrogen stored in 5dm? vessel at 127°C? 


0.5x 8. 
Solution. Pressure exerted by hydrogen, риз = -эх®31 = 400 


=3.33 х 10° Nm? 
Pressure exerted by nitrogen, psy = === 57 


=0.33 x 10° Nm? 
total pressure, P—pz;--ps, =(3.33--0.33) 
x10» Nm? 

. =3.66 X 108 Nm? 


Problem 2.11. What weight of oxygen would be required to fill 
2dm? flask at 20°C and 9x 104 Nm? pressure, if R has the value 
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8.31 JK Е mol? 

Solution. Since PV=nRT 

PF 9% 1082x1072 
ЖР 8.31 x 293 
Since 1 mole of oxygen weighs 32.0 g, the weight required 1s 
0.74 x 32=2.37 g. 

Problem 2.12. Compare the r.m.s. velocities of oxygen and carbon 

dioxide molecules at 27°C. 


Solution. T=300 K 


=0.074 mole 


= ою 
s аи 


= 30 


E 
32 
Ccos — 30/R у 432. 


“бо, 44 30 R 
Coo 

бооз _ 0,8527. 

ae = 0.85 


O2 


Problem 2.13. Determine the root mean squarè velocity of Н, gas 


at 298 K. 


Solution. C= ^/ 3 in 


М=2.0 g mol-!=0.0020 kg mol? | 
R=8.314 joules deg? mol? 


C= лу ®х 73(8314) (298) = 
(0.0020) _ 
С = 1930 m sec}. 


Problem 2.14. A certain volume of the gas evolved by a photosyn- 
thesis algal culture took 231s to stream through a small hole. Under 
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precisely the same conditions, an equal volume of argon took 258s. 
‘Calculate (а) the molecular weight, and (4) the vapour density of the 
unknown gas (Molecular weight of argon=40). 

Solution. According to Graham’s law 


А/М 
12 М, 
For the unknown gas For argon 
11=2315 12= 2585 
M,=? M,= 40 
231. Mi 
258 — 40 
231 1/3 
му=( x) 


Thus, (а) the molecular weight of the unknown gas= 32. 
(b) Vapour density of the unknown gas = & molecular weight 
= $х32 
= 16. 
Problem 2.15. Calculatz the collision properties, о, L, Z, and Zu 


for nitrogen molecules at 1 atm. and 25°C. The viscosity of nitrogen 
т = 178x 1075 poise. 


Solution. The number of molecules in 1 c.c. at 25°C and 1 atm. is 
6.024 x 1023 
© 22414x (298.16/273.16) 
= 2.462x 10!» 
The average molecular speed is 
= ^/ 8X 8.314 x 107 x 298.16x 7 
22x 28.02 
= 0.475 x 105 cm/sec. 
and the mass of one molecule is 
28.02 


n* 


n= &024х 108 =4.65 x 10723 5: 
c= Cum 
2V Inn 


0.475 x 105х 4.65 x 1029 x 7 
2X 42x22x178x 1075 
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З. ee 

V 2по?п* 
E 7 
— v2x22x(3.74): x 2.462 x 1019 

L= 6.50x 1075 ст = 650 A, 

Zi— ZV 2x0, n* 

= 7.31 х 10° collisions/sec. 


Zu- 3 = n0°C,,(n*)? 


Zu= 8.99 x 10% collisions/c.c. sec. 


Problem 2.16. Calculate the kinetic energy of oxygen molecules at 
27°C and 127°C. What conclusions you draw from these values? 


Solution. At 27°С К.Е. = 3 RT=*x Rx 300 
2х 150 8.31 x 107 
450 x 8.31 x 107 
= 3.74х 10° ergs =374 joules. 
At 127°C К.Е. = 3х RT=2 x 8.31 x 10? х 400 
= 4,986 x 10° ergs=498.6 joules. 


Conclusion. Kinetic energy increases with the increase in tempera- 
ture, 

Problem 2.17. One mole of ammonia was found to occupy 2.5 
litres at 27°C. Calculate the pressure that would have been exerted 
by it (a) using van der Waal's equation (а = 4.0 litre atm mole^?, 
5=0.036 litre mole!) and (b) using ideal gas equation. 

Solution. (a) Using van der Waal's equation 


( P+ p) (V—b)=RT 


п=1, a=4.0 litre atm mole™2?, b=0.036 litre mole, R=0.0821 
litre atm mole^! deg! 


4 
( g 63) (2.5—0.036)=0.0821 x 300 


2 ( P+ 3) (2.464)=300 x 82x 1074 


= ( P+ в) (2.464)—24.63 x 10-1 


P— 9.936 atm. 
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(b) Using ideal gas equation 


PV= RT 
Е = 0.082 litre atm mole? deg ! 
р = 0087300 _ 9.84 atm. 


Problem 2.18. A gas obeys the van der Waal’s equation, with 
P.—30 atm and Т«=200°С. The compressibility factor PV/RT will be 
more than опе (at P—50 atm, T=250°C; at P= 1 аіт, T=100°C; 
P=500 atm, T=500°C; none of these). The gas will approach ideality 
at (low temperature, low density, low values of the compressibility 
factor, none of these). Calculate the van der Waal's constant b for 

- this gas. 


Solution. m should be greater than one at the highest P and T 


choice, 500 atm and 500°C as both, the first especially are far above 
the critical values. Ideality will be approached at low density. Since 
van der Waals gas Pc Vq[RT.—$, and b=V-/3, then 

473 


b=0.082 x PR x30 


— 0.163 litre/mole. 

Problem 2.19. Calculate the pressure exerted by one mole of 
acetylene at 27C in a flask whose volume is 0.800 litre, using van 
der Waal's equation. The values for van der Waal's constant are 4.17 
and 0.0371 respectively. 

Solution. Since n=1 


(Phy s) «=й= —RT 


447 
| .8— .0371)=0.0820 x 300 
(2 aF) (0.8— .0371)=0.0820 x 3 


Units i А 
litre?-atm х mole? А itre ) 
—————— р Ы lit x ole x 

( atm + litre? x mole? ) ( rem mole 


_litre-atm „к 


=mole х 


K-mole 
atm x litre—litre x atm 
4.17 x 0.763 
TT .6 
№ <. 0.763 P+ 0.640 =24 
P= 24.6—4.98 . 954 айй 


0.763 
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Problem 2.20. According to the estimate of molecular size given by 
van der Waal’s equation, what is the fraction of the oxygen gas at 1 
atm at 25°C actually occupied by oxygen molecules? The value of 


molecular diameter for oxygen is 2.93 А. 
Solution. Each oxygen molecule has a diameter of 2.93 A, Each 


„з т 21 3 
molecule has a volume of pa = ( 2-) 13.2 A=1,3 x 10-9? 


cm?. Now let us consider 1 mol of the gas; 


Volume at 1 atm and at 25°С=22,400 ст? x 228 —24,400 cm? 


Numbers of molecules=N=6.02 x 104 

Volume of № molecules=6.02 x 1023 x 1.32 x 10723 cm3— 7.9 cm? 

The per cent of total volume occupied by О, molecule is 

79 
24,400 

: Problem 2.21. One mole of carbon dioxide is found to occupy 
0.382 x 10-33 at 40°C and under a pressure of 5.4 х 10° Nm °, Cal- 
culate the pressure that the gas would exert using (i) the ideal gas 
equation, (i) the van der Waal’s equation. The values of a and Ё are 
0.36 and 4.28 x 10-5 respectively. 

Solution. (i) Since PV—nRT 


x 100—0.032 per cent. 


_ 831x313 = 
dh on See 
ai (Р +») "98r 
RT a 
P= pj 
8.31 x313 0.36 


— sm 
© (0:382 51074.28 x 10:3) (0.382 x 107°)? 
‚ P =5.18 x 105Nm ? 


EXERCISES 


2.1. Select the best term associated with each definition, description, or specific 
example. Terms (A) Brownian motion; (B) effusion; (C) inelastic collisions 
(D) solution; (E) van der Waals forces. 
(a) characterised by a net loss of mon entum 
(b) escape of air through a pin hole from an air tank in outer space 
(c) attractions between neighbouring molecules in a substance 
(d) a homogeneous mixture 
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(е) jostling Of microscopic particles dispersed їп а fluid caused by colli- 
sions with atoms, molecules or ions. 
[Ans a. (C), b. (BY, c. (E), d. (D) and e. (A).] 
2.2. Select the term best associated with each definition, description or specific 
example. Terms (A) critical temperature; (B) boiling point; (C) miscible; 
(0) vapour pressure; (E) viscometer. 
(a) for water at 100°C, this is 760 torr. 
(b) for water at 760 torr, this is 100°C. 
(c) above this point no pressure is great enough to produce a two-phase 
system, ^ 
(d) instrument used to measure resistance to flow for a fluid. 
[Ans. a. (D) b. (B), c. (A) and d. (E).] 
2.3. A gas occupies a volume of 250 c.c. at a pressure of 742 mm Hg. What 
volume will it occupy, at the same temperature at a pressure of 10 mm Hg. 
[Ans. 1.86x 10! c.c.] 
2.4. Match the laws in the first column with the mathematical expressions in 


the second. 
, 1 а Ei. m 
(a) Boyle's law (i) V ( um 
(b) Charle's law (i) V=cT 
(c) Ideal gas law (iii) Pi—XiP 
(d) van der Waal's equation ( Р+ 5.) (V—b)- RT 
(e) Law of partial pressure (у) PV=nRT 
(f) Graham’s law (vi) PV=a 


[Aas. (а) (vi), (Б) Gi), (с) (v), (d) Gv), (е) Gii), CP) G1] 
2.5. Which expressions on the right correspond with the terms on the left? 


(a) root mean square velocity (i) 3/2 RT 
А ? 8kT M 
(b) average velocity (ii) ( зт) 


(c) heat capacity for а monoatomic gas (iii) СЕТ 


(d) kinetic energy for а monoatomic gas (iv) $R 


(e) mole fraction (У) ni $n / 

[Ans, (а) (iii), (b) Gi), Cc) (iv), (d) (i), (e) @)-1 

2.6. Two grams of Оз are in a 2 litre vessel by a pressure of 1.21 atm. What is 
the temperature of the gas in °C? A | [Ans. 200 el 
2.7. At 0°C and under a pressure of 1000 mm Hg, a given. weight of +3 iii 

d volume of 1 litre. At—100°C the same weight of gas under the sam 
аен cupies а volume of 0.6313 litre. Calculate the absolute zero in 
шак gle and give reasons for the observed Trane ы, 

ns. —.271.2°С. 
Li eo i f N,'to diffuse Lex an orfice is 

2 8. The time required for а given volume of № > anc case 
35 sec, Calculate the molecular weight of the gas which requires 50 seconds 


i orifice under identical conditions. 
to diffuse through the same jo m 


2.9. A flask having a volume of 250 ml and containing air is heated to 100*C 
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and then sealed. The flask is cooled to 25°C, immersed in water, and 
opened. What volume of water will be drawn back into the flask, assuming 


the pressure remains constant? [Ans. 50 ml.] 
2.10. Calculate the pressure exerted by 35 g of carbon dioxide in a one litre 
vessel at 24°C, using the ideal gas law. [Ans. 19.4 atm.] 


2.11. 500 c.c. of Ns at 700 mm of Hg pressure and 100 c.c. of СО, at 600mm 
Hg pressure are placed in two-litre flask at 25°C. Calculate the final gas 
pressure in the flask. [Ans. 0.625 atm.] 

2.12. One gram of № and one gram of О» are contained іп а two-litre flask at 


27°C. Calculate the partial pressure exerted by each gas and the total 
pressure in the flask. 


[Ans. py2=0.44 atm, Ро, 70.385, P,5141:70.825 atm.] 
2.13. Calculate the volume occupied by a mixture of 14g nitrogen and 16g. 


oxygen at 8.3 х 10$ Nm"? at 127°C. [Апѕ. 4dm?] 
2.14. Calculate the root mean square velocity of the molecules in methane at 
127°C and 1.013 x 105 Nm~ pressure. [Ans. 79000 cms~}.} 


2.15. How many moles of nitrogen must be added to a mixture of 4g. of 
hydrogen and 14 g of carbon monoxide contained in a 50 dm? flask at 27°C 
to bring the total pressure up to 1.5 atm? [Ans, 0.55 mole] 

2.16. A two-litre flask containing carbon dioxide at 60 cm pressure is connected 
to a four-litre flask containing nitrogen at 48 cm pressure. If the tempera- 
ture is kept constant, calculate the final pressure of the mixture. 

[Ans, 52 cm] 

2.17. What is the mole fraction of nitrogen in a mixture of nitrogen and hydro- 
gen in which the final pressure of hydrogen is 63 cm and the total pressure 
is 90 cm? [Ans. 0.3.] 

2.18. Assuming that air behaves as an ideal gas, calculate exactly the weight of 
1 ml of air at 25° and 1 atm if the relative humidity of the air is 70 per 
cent and the vapour pressure of water at 25° js 23.7 mm. The composition 
of dry air is 80 per cent nitrogen and 20 per cent oxygen by volume. The 
buoyancy of air is about 0.0012 gram per ml at a room temperature. 

[Ans. 11.69 x 10-* g т1-2.] 

2.19. Calculate the temperature at which the root mean square velocity of a 
nitrogen molecule is the same as that of a helium molecule at 27°C. 

[Ans, 2100 K.] 

2.20. A cylinder contains nitrogen gas and a small amount of liquid water at a 
temperature of 25°C (the vapour pressure of water at 25°C is 23.8 mm). 
The total pressure is 600 mm Hg. A piston is pushed into the cylinder 
until the volume is halved. What is tbe final total pressure? 

[Ans. 1176 mm.] 

2.21. Calculate the kinetic energy for 10 moles of an ideal gas at 27°C. 

[Ans. 9.0 k. cal.] 

2.22. Calculate the root mean square velocity of oxygen molecules at 15°C and 
770 mm pressure. [Ans. 4.74 x 10* cm sec '.] 

2.23. The molecular diameter of carbon monoxide is 3.19х10-° cm. At 27°C 
anda pressure of 250 mm what will be (i) the number of molecules 
colloiding per cubic centimetre per second; (ij) the number of bimolecular 
collisions; and (iii) the mean free path. 

(Ans. (i) 2.54x 10°; (i) 1.27 X 1025; (iii) 2.75x 107" cm.] 
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2.24. Calculate the average kinetic energy of translation of a molecule of a gas 
at 27°C (i) in calories and (i/i) in ergs. 
[Ans. (i) 1 5x 107? cal; (ii).6.27 x 1077 erg.] 
2.25. Calculat- the translational kinetic energy of Оз at (i) 300 К (ii) 1000 К. 
[Ans. (i) 3740 J mole™; (ii) 12.5 k J mole" *.] 
2.26. Two flasks of equal volume are connected by a narrow tube of negligible 
volume. Initially both the flasks аге at 27°C and contain 0.70 mole of 
hydrogen gas,.the pressure being 0.50 atm. One of the flasks is then 
immersed in ahot oil bath at 127°C, while the other is kept at 27°C. 
Calculate the final pressure of and the moles of hydrogen in each flask. 
[Ans, 0.57 atm, 0.4 mole, 0.3 mole.] 
2.27. A real gas of molecular weight 150, obeys the van der Waals equation its 
critical pressure and temperature are 100 atm and 100°C, respectively. 
Calculate the value of the compressibility factor at the critical point. 


[Ans. 3/8.] 
2.28. Calculate the root mean square velocity of mercury atoms whose kinetic 
energy is 1.00 К. cal mole™. [Ans. 2.04 X 10? 571.1] 


2.29. It is found experimentally that 10.0 moles of О» at 100 atm pressure and 
273 К occupies a volume of 2.08 1. Calculate the compressibility factor for 
Os at this temperature and pressure. [Ans. 0.928] 
2.30. Determine the pressure in atmospheres exerted by 1 mole of steam con- 
fined to a 1.0 litre container at 150°C using van der Waals equation. Show 
that thís pressure is less than that of an ideal gas under similar conditions. 
The van der Waals constants a and b for steam аге 5.46 17? atm mole? 
and{0.0305 1 mole-?. [Ans. 30.4 atm, 34 7 atm.] 
2.31. The time required for a given volume of N2 to diffuse through an orifice is 
35 seconds. Calculate the molecular weight of a gas which requires 50 
seconds to diffuse through the same orifice under identical conditions. 
я [Ans, 57.15 g/mole.] 
2.32. Calculate, according to van der Waals equation, the pressure that would 
have to be applied to №, to reduce the total volume to a value equal to 
four times the excluded volume (а) at a temperature of 25°C; (b) at a 
temperature of 1000°С. [Ans, (а) 151 atm, (Б) 835 atm.] 
2.33. Calculate, Г, в, Z; and Zi for water vapour at 150°C and 1 atm pressure. 
The coefficient of viscosity of water vapour is 144.5 poise. 
[Ans. 7.88 х 107° т, 1.733 x 1025 73, 8.95 x 10? 571, 7.75X 10% s^! m-?.] 
2.34. If the radius of an argon atom is 1.54X 107* cm, what per cent of the total 
volume occupied by one mole of argon gas at STP is empty space? 
[Ans. 99.96%.] 
2.35. Using the Beattie-Bridgeman equation explicit in volume, calculate the 
density in grams per cubic centimetre of Nz at 0°C and 100 atm pressure. 
[Ans. 0.127 g/c.c.] 
ing the Kamerlingh Onnes equation of state find the compressibility 
an GU ied monoxide at —50°C and 10 atm pressure. [Ans. 0.981.] 
2.37. A gas whose viscosity is 200 micropoises flows tbrough a capillary tube 
2 mm in diameter and 2 metres long. If 5 litres of gas pass through the 
tube every 10 seconds, what must be the pressure head under which the 
gas is flowing? [Апз. 5.09 x 10° dynes/cm?.] 
2.38. For oxygen at 25°C calculate the number Z of collisions per second per 


2:39: 


2.40. 


2.41. 


2.42. 


2.43. 


2.44. 


2.45 


2.46. 
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molecule, the number Z of collisions per cubic metre per second and the 
number of moles of collisions per litre per second at a pressure of 1 atm. 
The molecular diameter of oxygen is 3.61A. 
[Ans. Z—6.32x 10° 571, Z=7.77 x 10?! collisions m^? s-! and 1.29 x 10° 
mol litre 5—1] 
For oxygen a1 25° calculate the mean free path at (а) 1 atm pressure and 
(b) 107? torr. Given n is equal to 2.46 Xx 10*5 molecules m^*. 
[Ans. (a) 7.02 x 1075 m, and (b) 5.3 cm.] 
Large vacuum chambers have been built for testing space vehicles at 1078 
torr. Calculate (a) the mean free path of nitrogen at this pressure and (b) 
the number of molecular impacts рег m? of wall per second at 25°. on — 
3.75А. (Ans, (а) 4.94 10 m, and (b) 3.84% 10* m~? 5-1] 
The molecular diameter of CO is 3.19x 107? cm. At 27°C and a pressure 
of 250 mm what will be (а) the number of molecules colliding per cubic, 
centimetre per second, (b) the mean free Path? 
(Ans, (а) 2.54% 10%" molecules colliding per cm? per sec, and 
А (6) 2.75 x 10-5 cm.] 
The critical temperature of CCI; is 283.1°. The densities in gram рег cm? of 
the liquid P: and vapour P, at different temperatures are as follows: 


t 100° 150° 200° 250° 270° 280° 
Pr 1.4343 1.3215 1.1888 0.9980 0.8666 0.7634 
Р, 0.0103 0.0304 0.0742 0.1754 0.2710 0.3597 


Calculate the critical molar volume of CCl? [Ans, 276 cm? mole-?.] 
Show that to a first approximation the equation of state of a gas which 
demerises to a small exteat is given by 


РИА =1— 25 
RT V у 
where Ke is the equilibrium constant for the formation of dimer. 
2 А= Аз 
= М]. 
Ке= [4] 


Using van der Waals equation, calculate the volume occupied by (a) 1 
mole of ethylene, (6) i g of ethylene at 10 atm and 0°C. Given for ethylene 
а=4.47 atm litre? mole? and b —0,0571 litre mole. 
[Ans. (a) 2.084 litre, (b) 0.0744 litre.] 
The critical constants 7,.Р, andV, for water are 374°C, 218 atm and 0.0566 
litre mole~* respectively. Calculate the values of a, b, and R. 
[Ans. a=2.1 atm mole! К-1; Ь =1.89x 10-? litre mole; and 
R=5.09X 107? litre atm mole К-1,] 
The van der Waals constant b for helium is 24 cm?/mole. Calculate the 
molecular diameter of helium, [Ans, 2.67 X 107? m.] 
The critical temperature T, and critical pressure Pe for aigon are 
—122.44*C and 48 00 atm respectively. Calculate the van der Waals cons- 
tants a and b, 


(Ans, a—1.353 litre? atm mole; and 53.24 X 10-2 litre mole-!,] 
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CHEMICAL THERMODYNAMICS—1 


INTRODUCTION 


Thermodynamics deals with the study of mechanical action produced 
by heat. It is concerned with the relationship between the energy 
changes that occurs in chemical and physical processes. Several chemi- 
cal reactions are carried out for the sole purpose of producing energy, 

e., combustion of fuels such as gasoline and coal and the generation 
of electricity by means of battery. In addition to practical applica- 
tions, there are important theoretical relationships between energy and 
chemical change. 

Work. It is a means of transferring energy that results in a displace- 
ment against opposition. Displacement x opposition=distance x force. 
Of interest to chemists is pressure--volume work. 

Heat. It is a means of transferring energy other than by work. 
Transfer of heat from a source to a receiver requires a temperature 
difference between the two, and the quantity of heat transferred is 
calculated from the temperature change multiplied by the heat 
capacity. 

Internal energy. The internal energy of a system is the sum of the 
various kinetic and potential energy contributions. The determination 
of absolute value of internal energy is difficult and most of the calcu- 
lations and experimental determination are concerned with the change 

in the internal energy, i.e. 
AE-—Epnat—ÉEinitial ses Ub 
it is a function of state. 
Enthalpy. It is defined as 


H=E+PV TEX 
change in enthalpy AH is given by, 
AH=AE+PAV .. (3) 
Since, PAV=W, and AH-4,. Relation (3) can ењ be 
written as q, =AE+PAV pon 
ДЕ=9, 


Gp= I t PAV ET 
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First Law of Thermodynamics 
First law of thermodynamics which is also known as the law of 
conservation of energy states that energy can neither be created пог 
destroyed, but may be converted from one form to another. Mathe- 
matically, . 3 
AE=qt+w ... (6) 
Work done in an isothermal expansion. The amount of work done 
in an isothermal reversible expansion of a gas from volume V; to И, 
is given by 
W=RT In V/V, ep 
Work done in au adiabatic expansion. The work done in an adia- 
batic reversible expansion is given by 
P V, Y =P, VY ++. (8) 
where Y=C,/C, 
C, is the heat capacity of a gas at constant pressure and C, is the: 
heat capacity at constant volume. 


Thermochemistry 

It deals with the measurement of heat changes accompanying: 
chemical reactions. A reaction, before it can be subjected to thermo-- 
chemical measurements, must satisfy the following criteria: 

(i) the reaction must be complete, : 

(ii) the reaction must be fast, 

(iii) the reaction must be clean. 

Only a few reactions fulfil all these conditions. Consider a reaction 

Reactants— Products 51), 
Heat of reaction AH is the difference in the enthalpies of the reac- 
tion products and the reactants at constant pressure and at a definite 
temperature i.e. " 

AH-H products Н reactants +++ (10) 
Reactions which occur with the evolution of heat (AH= —ve) are 
Said to be exothermic and the reactions in which heat is absorbed 
(AH- + ve) are known as endothermic. 

Laws of Thermochemistry. The calculation of heats of reaction and 
heats of formation have all been based on the first law of thermo~ 
dynamics. There are two laws of thermochemistry. 

According to the observations of A.L. Lavoisier and P.S. Laplace, 
the quantity of heat which must be supplied to decompose a com-- 
pound into its elements is equal to the heat evolved when that com- 
pound is formed from its elements. In other words, the heat of 
decomposition of a compound is numerically equal to its heat of 
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formation but of opposite sign i.e. 
S(c)--O»(g)—SOs(g) ` AH^:95—— 70.96 К. cal 
SO,(g)=S(c)+0,(g) A H^s98— 70.96 К. cal 
As a consequence of this law, the thermochemical equations can be 
reversed by changing the sign of the heat term. However, its numeri- 
cal value remains unchanged. 


Hess’s Law of Constant Heat Summation 

This law states that the resultant heat change in a chemical reac- 
tion, carried out either at constant pressure or at constant volume is 
independent of the steps involved. 

It follows from this law that if a reaction proceeds in more than 
опе step then the enthalpy change in each step сап be added and the 
sum is constant [ 

CH,(g)+Clo(g)=CHsCl(g)+ HCi(g) AH, 
CH;Cl(g)--Cl(g)—CH;Cl.(g)4HClg) | AH, 
CH.Ci.(g) + Cl(g) — CHCls(g) + HCl(g) 4 Hs 
CHCl;(g) + Clo(g) =CCla(g) + HCl(g) АНА 
СН, (2) + 4C!.(g)=CCla(g)+4HC|(g) Ay 

sit АНт = AM = АН. АНз+ АНз 

А conssqueace of Hess’s law is, that chemical equations can be 
added and subtracted like the algebraic equations. It is customary, to 
take standard state as | atmospheric pressure and 25°C. The enthalpy 
of elements in the standard state is arbitrarily taken as zero. 


Relation between AE and ^ Н of Reaction 
AH= ДЕ+ An,RT "e (11) 
ANg=Nprogucts~—Nreactants a SCZ) 

Heat of formation. The heat of formation of a compound is defined 
as the increase of ethalpy when 1 mole of the compound is formed 
from its elements. It is denoted by AH;. 

Heat of combustion. It is defined as the enthalpy change accom- 
panying the complete combustion of 1 mole of a compound. Organic 
compounds coataining carbon, hydrogen and oxygen can be burnt in 
oxygen to form carbon dioxide and water. The heats of combustion 
of both liquid and gaseous hydrocarbons are important from the 
industrial standpoint, and the term calorific value is frequently used 
for the heat of combustion of a substance as a fuel. 

Heat of solution. The heat of reaction for dissolving one mole of 

solute in n moles of solvent is known as the heat of solution or integ- 
ral heat of solution. 
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Heat of dilution. The heat of reaction for diluting one mole of 
solute in a solution of given concentration, by adding solvent to pro- 
duce a solution of definite concentration, is known as the integral 
heat of dilution. 

Effect of temperature on heat of reaction. The heat change associat- 
ed with any process, physical or chemical, usually varies with tem- 
perature; the relationship of this variation is given by Kirchhoff’s 
equation 
AHe= AH + ACAT:—T;) Sd) 
where AA, and АЙ! are the heats of reaction at constant pressure 
at the temperatures 71 and T» respectively. ^C; is the mean molar 


heat capacity. 
Bond energy. The bond energy is defined as the average amount of 


energy required to break a particular bond in a molecule producing 
free atoms or radicals. The mean bond energy in k. cal per mole for 


some bonds is given in Table 3.1. 


TABLE 3.1. Representative bond energies 


Energy (k. cal) 


Bond 

H—H 103 
C]—CI- 57 
О=о 116 
NEN 225 
о-н 109 
N—H 92 
C—H 98 
H-Cl 102 
Br—Br 45 
1—1 36 
H-I 71 
C—cI 78 
H—Br 87 
C—C 85 


Problem 3.1. Calculate the work done when 2 moles of H, expands 
(i) isothermally against a constant pressure of 1 atm at 25°C from 
15 litres to 50 litres (її) the gas expands isothermally and reversibly. 

Solution. W —2.303 п RT log V/V, 


W=2,303 x 2x 1.98 x 298 log 1032 
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W =4.606 x 298 x 1.98 log E 
W —1830 calories. 
Work done in an isothermal process 
W=PAV 
=Р(У,—Ё)) 
=1х(50—15) 
=35 Joules. 
(i) 1830 calories, (ii) 35 joules. 
Problem 3.2. Calculate the maximum work done in ergs when one 
mole of an ideal gas expands from 10 litres to 20 litres at 25°C. 
Solution. Work done in an isothermal reversible expansion of an 
ideal gas is given by . 
W=2.303 nRT log V2/V; 
n=1 mole, T=273+25=298 K 
V,=10 litres, V.=20 litres 
R=1.98 cal. deg™! mol! 


W=2.303 x 1 x 298 x 1.98 log 2 


W=409.1 calories. 
Also, 
W=JH 
=4.2 x 107 x 409.1 
—].72 x 10:0 ergs. 

Problem 3.3. Two moles of an ideal gas initially at 27°С and one 
atm are compressed . reversibly to half the initial volume. Calculate 
4, W, AE and AH when the process is carried on isothermally. 

Solution. W=2.303 nRT log V2/Vi 

Т=300 K, n=1, R=1.98 cal дер ! mole 
V,—iVi 
W-—2*x 2.303 x 1.98 x 300 log 4 
=2 x 2.303 х 1.98 x 300 log $ 
W= —1914.0 cal. 

Since the process is being carried on isothermally i.e. no change of 
temperature, М 
AH=0 and AE=0 
According to Ist law of thermodynamics, 

q=AE+PAV 
q=ALAW 
q=0+ №; q= —1914 cal. 
= — 1914 са, ЛЕ=0, AH=0, q= —1914 cal. 
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Problem 3.4. Compute the work done in a diesel engine cylinder 
on the compression stroke if the frictionless path is assumed to be 
P¥14=constant, and the volume decreases from 1 m? to 0.05 m3. The 
initial pressure of air is 101.33 k Pa. 
| Solution. Since PV1:i—constant 

PiVjyra— pna 
and the pressure after compression will be 


Р, 14 
P B( 7) 


101.33 ( 1. |" * 
Ni ( 0.05 ) 
—6717 k Pa 
The work done can be obtained by integrating the area under the 
PV''45—constant path 
2 Ys 
w=|pav=c| yav 
у 
= yee M 
=c ( —0.4 ) 


Let С=Р,Ила as upper limit and at lower limit 


C=P, Ил“. 
w= P.Vol4V-0°4— P, Ипа, 04 
== чу 
_ PVg—Pi V, 
(0 —04 
_ (6717 k Pax 0.05 m?—101.33%1) 
= —0.04 
X1 k N/m? К Pax1k ЛК Nm 
=—586.3k J 


The negative sign indicates that work is done on the system in 
order to accomplish compression. 

Problem 3.5. Calculate (а) О, (b) W, and (с) AE for the reversible 
adiabatic expansion of 1 mole of an ideal gas (C,—2R) from 5.00 
to 25.00 litres. The initial temperature is 27°C. 

Solution. (а) Q=0 adiabatic 


(b) and (c) AE=W=C,(T,—T,) (adiabatic) 
R/C, JG, 
T(V) = Т Vj) 
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R/C, 
T2=T,(Vi/V) 


=300.0 K (5/25) 


uje ЕЕ 


=300.0 К (5/25) 
Т»=102.6 К 
AE=W=2 R(T,—T1) 
=1.500 x 1.98 (102.6—300) 
AE=—588.4 cal/mol. 

Problem 3.6. Calculate the work done and the final volume in the 
following irreversible adiabatic expansion. Three moles of an ideal 
monoatomic gas expand irreversibly from an initial pressure of 5 atm 
against a constant external pressure of one atm until the temperature 
drops from the initial value of 350 K to final value of 275 K. How 
much work is done and what is final volume? 

Solution. For monoatomic gas C,—3 cal deg™! mole * 

AE=nC, (T4—T1) 
=3 x3 (275—350) 
—— 675 cal. 
The loss in internal energy must equal the work done in adiabatic 
expansion. To convert the calories to energy units in litre atm —575 
calories= —27.8 litre-atm. Since work is done against a constant 
pressure, 
W= —P(V,—Vi)— —(1)(V.—Vi)=27.8 litre atm. 
у= AT = 30082350 _ 17.2 litres. 
V,—27.8--17.2— 45.0 litres. 

Problem 3.7. Calculate the work done in the reversible compres- 
sion of 10.0 g of Не gas from an initial pressure of 1.00 atm to a 
final pressure of 5.00 atm at a constant temperature of 27°C. i 

Solution. The work done in an isothermal reversible expansion of 


a gas; 
W=nRT x 2.303 log Po/P1 


- 100. x 1.987 х300 x 2.303 log 5 


W=2400 cal. 
Problem 3.8. Calculate the heat of œmbustion of one mole of ben- 
zene at constant volume, given that the heat of combustion at cons- 


tant pressure is —781.0 k. cal at 25°C. 
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Solution.. The combustion reaction is as follows: 
CH«(I) 4- 550.(g)- 6CO»(g) +3H20(1) 
q,- —781.0 К. cal. 
An=6—15/2= —3/2 
4, =Fet AnRT 
q,—q»— AnRT 
= —781.0—(—3) (1.98 x 107? x 298) 
—781.0+0.8851 
q,— —780.1149 К. cal. 
4,= —780.1149 К. cal. 

Problem 3.9. А 5 dm? bomb calorimeter was to be filled with 
sufficient oxygen under pressure to support the complete combustion 
of 36 g of glucose. When filled with oxygen at room temperature from 
the only available cylinder, the final pressure was only 7.1 x 105 №2. 
Would this be sufficient to allow complete combustion of sugar? 
(Room temperature was 290 К, i.e. 17°C, glucose C;H150,). 

Solution. Р=7.1 х 105 Nm 

V—5 dm?—5 х 10-3 cm? 
R=8.314 JK^ mole 
T=290 K 
n= ? mole 
PV=nRT 
— PV _ (7-110) x (5 x 1073) 
RT 8.314 x 290 
—].47 mole. 
The complete combustion of glucose yields CO, and water 
C,Hi20,+60,—6CO2+6H20 
Six moles of Оз would be required for the complete combustion of 1 
mole of glucose. Thus for 0.2 mol of glucose 1.2 mol of oxygen would 
be required, and 5 dm? of Og at 7.1 х 105 Nm™ being equal to 1.47 
mol of Os, would be sufficient. 

Problem 3.10. The bacterium Acetobacter suboxydans may obtain 
energy for growth by oxidising ethanol first to acetaldehyde and then 
to acetic acid, according to following chemical reactions, 

(a)  CoH;OH-- 30? — CH;CHO + H,O 

(b) CH$3CHO 1-30: CH4COOH Y 

Calculate the values of AH (at 298 K) and standard atmospheric 
pressure for (a) and (b). Given the following heats of combustion at 
298 К and standard atmospheric pressure, СьН:ОН= —1371 KJ 
mole, CHsCHO= —1168 kJ mole? and CH;COOH= —876 kJ 
mole". 


ll 


п 


mole 
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Solution. (а) The heats of combustion of ethanol and acetaldehyde 
help us to write the following reactions, 
C,HsOH +30,>2CO2+3H,O AH- —1371 kJ mole! ... (0 
CH;CHO-4-210,22CO,42H,0 AH- —1168 kJ mole? ... (ii) 
On subtracting (ii) from (i) ` 
C,Hs;|0H+40,~>CH3CHO+ H,O 
( АН=(—1371)—(—1168) kJ mole"! 1 
= —203 kJ mole". 
(b) The combustion reactions of acetaldehyde and acetic acid pro- 
ceed according to the following chemical reactions: 
CH;CHO--210,22CO;--2Hs0 AH- —1168 kJ mole .. (iii) 


CH;COOH--205—2COs--2H,O0 AH- —876 kJ mole?  ...(iv) 
Subtracting (iv) from (iii) we get 
CH,CHO+40,—CH,;COOH 
AH= (—1168)—(—876) kJ mole 
= —292 kJ mole". 


Hence AH for the oxidation of ethanol to acetaldehyde is —273 kJ 
mole and acetaldehyde to acetic acid is —292 kJ mole™. 

Problem 3.11. The standard heat of combustion of liquid ethanol 
is —326.7 К. cal at 25°C. Calculate its heat of formation from the 
elements in their standard state, Given that the heat. of formation 
Тог CO, is —94.05 К. cal and for H,O is —68.32 К. cal. 

Solution. The combustion reaction for liquid ethanol can be written 
as- 

C.H;OH(1)+30,(g)=2CO2(g)-+3H20(1) 
AH= —326.7 k. cal. 
AH=H, products — Я аны: 
—326.7 ={2 x (—94.05)-+ 3(—68.32)}—{(x-++0)} 
—326.7={—188.1—204.96—x} 
х=—393.06--326.7= —66.36. 
Thus the heat of formation of ethanol is —66.36 К. cal/mole. 

Problem 3.12. Calculate the heat of formation of naphthalene 
when the standard heat of combustion of naphthalene is —1231.6 К. 
cal/mole at+25°C. Given that heats of formation of CO, and H,O 
are 94.05 k. cal/mole and —68.32 k. cal/mole, respectively. 

Solution. Combustion of naphthalene proceeds according to the 

following reaction, 
CiopHa(s)+ 1200(g)—> 10CO.(g)-+-4H,O(1) 
x 0 10(—94.05)--4(—68.32) 
AA=A products H reactants 
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—1231.6 ={10(—94.05) 4-4(—68.32)) — (x 4-0) 
х=1231.6—940.5—273.28 
х=17.82 К. cal mole". 
Hence the heat of formation of naphthalene is 17.82 К. cal. 

Problem 3.13. Calculate the standard heat of formation of sucrose. 
Given that the standard heat of combustion of sucrose is —1348.9 k. 
cal/mole and the heats of formation of СО, and Н,О are —94.05 К. 
cal mole! and — 68.32 К. cal mole"! respectively. 

Solution. The combustion reaction of sucrose is as under: 

Ci5H»,On(s)3-120,(g)—12CO.(g) 4-11 HsO(l) 
AH-H,r auctis —H reactants 
— 1348.9 —[12(—94.05)4- 11(—68.32)]—x 
x= —1880.12+ 1348.9 
x= —531.22 k. cal/mole. : 
Problem 3.14. Calculate the heat of formation of liquid ‘methanol 
from the following data: 
C,HsOH(1)+300(g)=2COo(g) +2H20(1) 
АН= —326.70 К. cal. uae (iL) 
C(s)--O.(g)—CO»x(g) AH;?— —94.05 К. cal. ... (2) 
H.(g)+40.(g)=H,O(I) ЛН,°= —68.32k.cal ... (3) 
Solution. Multiply both sides of equation (2) by 2 


2C(s)-+202(g)=2C0.(g) AH= —188.1 К. cal. E) 
Multiply equation (3) by 3 ( 
3H»(g)--3/2 Os(g) —3HsO(l) AH= — 204.96 К. cal. ‚.. 6) 


Add equations (4) and (5) and subtract equation (1) 
2C(s)--3Hs(g)-- 7/2 O2(g)—3 O2(g)—CeHsOH(1) 
=2C0.(g)+3H20(1) —2CO2(g)—3H20(I) 
—188.1—204.96 + 326.7 
2C(s)+3 Ha(g)+1/202(g)=C2HsOH(1) 
АН= —66.36 К. cal. 
Hence the heat of formation of liquid ethanol is —66.36 k. cal/ 
mole. р 
Problem 3.15. The standard heat of formation of water at 25°C is 
—57.80 k. cal. Calculate the standard heat of formation of water at 
100°C. Given that the mean molar heat capacity for hydrogen 18 6.93 
cal/deg for oxygen it is 7.04 cal/deg and for water, is 18.03 cal/deg. 
Solution. Water is formed according to the equation, 
He (g)+402 (g)==H2O(1) 
6.92  1x7.04 18.03 
AC,=18.03—(6.92-+3.52)=7.59 cal.=7-59 x 107% К. cal. 
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T1=273+25=298 К 
Т.=273--100=373 К. 

AA, = —57.80 К. cal. 

Using Kirchhoff’s equation 

АН.=ДН!-- АС, (ТТ) 

AA2= — 57.80 +7.59 х 107? x (373—298) 

АН,= —57.80 +7.59 х 75 x 1073 

AH,= —57.80+0.567 

АН»= — 57.233 К. cal. 


Hence the standard heat of formation of water at 100°C is—57.233 
k. cal. 


Problem 3.16. Calculate the heat of reaction 
C2Hu(g)+H2(g) =C2H,(g). Given that 
C2Ha(g)-+302(g) =2CO2(g) +-2H20(1) 

AH= —337.3 k. cal. 
Ha(g)+-302(g)=H20(1) AH= — 68,3 К. cal. 
C2H,(g)+402(g)=2C02(g) +3Н»О(1) 
AH= —372.8 k. cal. 
Add equations (1) and (2) and subtract (3) from them. 
C2Ha(g)+Ha(g) +3402(g)—3402(g)= 
2CO:x(g)--3H;0—2CO:(g) —3H30 ()-+C2H¢(g) 
—337.3 К. cal.—68.3 К. са1.--372.8 К. cal. 
С.На()-+Нз()=С.Н,(е) 
AH= —32.8 К. cal. 

Problem 3.17. Calculate the heat of formation of NH3 gas at 
100*C. Given that the heat of formation at NHs at 25°C is —10.88 k. 
са] and the mean molar heat capacities of Нг, Ns and NHs are 6.92 
cal deg ?, 5.86 cal deg"! and 8.0 cal deg"! respectively. 

Solution. Ammonia is formed according to the equation 

Ne (g)--$H» (g) - NH; (g) 
AC,=8.0—(4 x 5.86--2 х 6.92)—8.00—123.31 
= —5.31 х 107? К. cal. 
Using Kirchhroff’s equation 
AHs73= —10.88--(373—298) (—5.31 x 10-3) 
= —10.88—398.25 x 107? 
= —10.98—0.3983= —10.48 К. cal. 
(Note, Data are not the literature value in this problem). 
Problem 3.18. The heat of neutralization of LiOH and НСІ i 
25°C is —8.54 k. cal g equiv. Calculate the heat of ionization o 


pU Let the heat of ionization of LiOH be I. 
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Heat of neutralization of LiOH=Heat of Ionization+ Heat of 
neutralization of strong base with a strong acid i.e. 
—8.54= —13.7+1 
1=--5.16 К. cal. 
Hence the heat of ionization of LiOH is 5.16 К. cal g equiv™. 
Problem 3.19. Calculate the heat of formation of benzene from 
acetylene at 25°C according to the equation 
3C2H2 (#)>СьНь (1) 
Given that the heats of combustion for two moles each of benzene 
and acetylene being —1580,700 cal and —620,100 cal respectively. 
Solution. Heat of combustion for one mole of benzene 
= —795.35 К. cal mole} 
Heat of combustion for one mole of acetylene 
= —310.05 К. cal mole! 
The combustion of, benzene and acetylene proceeds according to 
the following equations 


CoH,(1) +7402(g)=6CO2(g)-+3H20(1)—795.35 К. cal. df) 

CsHs(g)--230»(g)—2CO:(g)-- H20(I) —310.05 К. cal. 4592) 

Multiply equation (2) by 3 

3C2H2(g)-+-7402(g¢)=6CO2(g)+3H20(1)—930.15 К. cal. 13) 
subtract equation (3) from equation (1) 

3CsHs(g) —C,H,4(1)—134.80 К. cal. . (4) 


Problem 3.20. Calculate the enthalpy of formation of мо, c on the 
basis of the following data: 
2NO(g)+O2(g)>2NOx(g) AH(b)— —114.1 kJ mol 
4NO2(g)-+O2(g)>2N20;(g) AH(a)= —110.2 kJ mol 
N2(g)+02(g)>2NO(g) A H(c)=+180.5 kJ mol"! 
Solution. The above equations may be written as 
4NO:x(g)--Os(g)—2N»Os(g) AH=—110.2 kJ molt 
2NO(g)+O2(g)->NO2(g) АН= —114.1 kJ mol 
2[NO4-O;]--O:— N:05 АН’=АН-+2АН 
Ne+0O2+2NO AH=+180.5 kJ mol 
2[(N2+Oz2)+02]+02>2N20; AH"=AH'+AA() 
Ne+302+N203; AH; -3AH'— MA B(2)--2A HO)--2 Л HC] 
AH,;—x (—110.2 kJ mol-))--(—114.1 KJ mol™) 
(180.5 kJ mol?) 211.30 kJ mol * 


Problem 3.21. Calculate the heat of reaction at 25°C for the reac- 


| 
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H H нн 
ees Е 
С=С +H—H+H—C—C—H 
ZZ LAPIS к 
H H H H 


Given that the bond energy for C—C 80k. cal, C—H bond is 98.0 k. 
cal/mole for H—H bond 103 k. cal/mole and for C=C bond energy 
is 145 k. cal/mole. 


Solution. 
AA=H reactants — Hproduets 
Reactants Products 
1 H—H bond=103 k. cal. i 1 C—C bond 80.0 
1 C=C bond=145 k. cal. 6 C—H bond 588.0 


668.0 
4 C—H bond =392 k. cal. 


640 k. cal. 
AH= 640—668=—28.0 k. cal/mol. 

Problem 3.22. The heats of combustion Гог n-butane, | butene 
and 1, 3 butadiene are —688.0 k. cal, —649.8 k. cal. and —607.9 К. 
cal respectively. The heat of formation of water is —68.3. Calculate 
the thermal changes in the reactions. 

СаНю-—*СаНа-- He 
C4 Hip CaHy+2He 
Solution. (1) CiHi0-+6}02(g)>4CO2+5H,0(1) —688.0 k. cal. 
(2) CaHs+602(g) ~4CO2+4H20(1) —649.8 k. cal. 
(3) CiH4--530»(g) +4CO2+3H20(1)  —607.9 К. cal. 
(4) H&-3OYg) —>Н:0@ , —68.32 К. cal. 
Subtract (2) and (4) from (1) 
s. CaHip?CaHs+He AH=30.12 К. cal. 
Multiply (4) by 2 and subtract this and (3) from (1) 
CiBio>CiHs+ 2H, ДН=56.54 К. cal. 
Problem 3.23. Calculate AH? at 25°C from the data given below 
for thè reaction 
Ciqraphite)-+ CO2(2)> 2CO() 
(i) Fe0(s)-+Ha(g) > Fe(s) - H»O(g) AH^55:c— 5.9 К. cal. 
(i) Fe(s)--COs(g)-» FeO(s)-- CO(8) AH*35C—3.9 К. cal. 
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(iii) Ha(g)+-CO(g)>C(groprites + H3O(g) А Нс =31.4 К. cal. 

Solution. Add (i) and (ii) and subtract (iii) from it. 

(1) FeO(s)-- Hs(g)-Fe(s)H-HsO(g) ДН°,5-с=5.9 К. cal. 

(ii) Fe(s)+CO2(g)>FeO(s)+-CO(g) A H°25°c=3.9 К. cal. 

(iit) H2(g)+CO(g)>C(grapaitey + H2O(g) A H9 sec=—31.4 К. cal. 
Cigrapnirey +CO2(g)>2CO(g) AH?—41.2 К. cal. : 

Probiem 3.24. Calculate the bond energy of HBr. Given that the 
heat of formation of HBr, AH°;=—36.2 kJ/mole. Bond energies of 
H—H and Br— Br are 431 kJ and 188 kJ respectively. 

Solution 1H:-c-iBr.—2HBr AH; gg;——36.2 kJ 


AHjunsr—3H—H--4Br—Br—H— Br 
—36.2—3 х 431-- $ х 188—HBr 


Bond energy of HBr—345.7 kJ. 


3.1. 


3.3. 


344. 


3.5. 


3,7. 


EXERCISES 


Two moles of hydrogen gas are produc d at 25°С and a pressure of 1 atm 
by the action of acid on a metal, Calculate the work in calories done Бу- 
the gas in pushing back the atmosphere. [Ans, —1134 cal.]. 


. For an idea! gas derive the equation, for the work done 


PANRIC, | 
W - C,T,] 1—| p, 1 


in an reversible adiabatic expansion of | mole. 
For each of the following systems determine AE, g, and W. 
(а) A perfect gas changing volume at constant temperature. 
(b) One mole of liquid being converted into one mole of gas at the boiling. 
point of the liquid. 
(c) A perfect gas expanding into vacuum. 
[ans, (а) AE=0, gA—w; (b) AEX0, g#—w; (с) AE=q ——w-0] 
The internal energy of an ideal gas depends only on its temperature. A 
sample of an ideal gas is allowed to expand isothermally. 
(a) Does the gas do work? 
(b) Does the system exchange heat with the surroundings? 
(с) What happens to the internal energy of the gas? 


(а) What happens to the temperature of the gas? 


[Ans. (a) yes, (b) yes, (c) AU=0, (d) decrease] 
Calculate the work done when 2 moles of water are vaporised against a 


constant pressure of 3 atni. The temperature is 25°С. 
[Ans. W= —1 186 cal.] 


. Calculate 4, w, ДН and AE for the adiabatic and reversible comparison 


of one mole of monoatomic ideal gas from 0.1000 т? and ER 
em. [Ans, q —0, w=13.6 kJ; AE=—13.6 kJ; Dan BEN 
Consider the reversible isothermal expansion of a mole of steam from 1. 
dm? to 10.09 dm? at 500°C. Calculate the work done assuming (i) the gas 
to be ideal and (ii) the gas to obey van der Waals equation. 

* Н [Ans. (i) 14.80 kJ; (ii) 14.48 kJ.] 
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3.8. A steel cylin 


3:9: 


3.10. 


3.12. 


3.13. 


3.15. 


3.16. 


3.17. 


3.18. 


3.19. 


. Oae mole of CO gas is expanded adiabatica 


. An ideal gas undergoes а с 


der of 4 litres capacity contains 20 moles of helium at 25°С. А 
pe but so slowly that the tempera- 


leak in thz valve allows the gas to esca 
heat must have been absorbed 


tuze remains constant. Calculate how much 
from the surroundings when the cylinder gauge reads empty. 

[Ans. 57.0 k. cal.] 
Calculate AE and AH in calories when 2 moles of mercury are heated 
from 0? to 100?C at 1 atm pressure. The mean density of mercury is 13.4748 
cm~, th: mean heat capacity 6.69 cal mole-! deg, the mean cubical 


coefficient of expansion 0.182 X 107? deg.” E 

[Ans. AE=1337 cal. AH=1338 cal.] 
If $200 cal of heat is added to a system while the system does work equi- 
valent to 500 ml by expanding against the surrounding atmosphere, what 
is the value of AE for the system? [Ans. 4-500 cal.] 
lly and reversibly from a 
volume of 0.38 litres at 25°C to a final volume of 16 litres. What is the 
final temperature of the gas? Assume the gas to be ideal with C,—5/2 К. 

` [Ans. 66.8K] 
(с) Q for the isobaric expansion 


Calculate in calories (a) W, (b) АЕ, and 
3/2 R, Cp=5/3 R) from 


at 1 atm pressure of 1 mole of an ideal gas (C,— 
a volume of 20.0 to 30.0 litres. 

Two litres of Na at 0°C and 5 atm are expanded isothermally against a 
constant pressure of 1 atm until the pressure of the gas is also 1 atm. As- 
suming the gas to be ideal, calculate the values of W, AE, АН and q for 
the pressure. [Ans. W=q=194 cal. ДЕ= А Н=0.] 


. Calculate the change in internal energy when 2.0 g of ethanol are evapo- 


rated at the normal boiling point. The specific heat of vaporation of 
ethanol is 857.7 Jg7!, the specific volume of the ethanol vapour is 607 cm? 
g^. Neglect the volume of the liquid. [Ans. 15.82 kJ.] 
One mole of nitrogen is heated from 0 to 110°C under a pressure of 2 atm. 
Calculate (i) the change in enthalpy; (ii) the change in internal energy on 
the assumption that nitrogen bebaves like an ideal gas. The mean specific 
heat of nitrogen at constant pressure is 1.021 JEU 
[Ans. (i) 3146.4 J; (ii) 2225.9 J.] 
A steel bottle contains 20 litres of hydrogen at 27°C and a pressure of 50 
atm. The gas expands isothermally and reversibly to 100 litres. Calculate 
(i) how much heat had to be supplied; (ii) the pressure of the hydrogen 
after expansion; (iii) how much work was performed by the gas during 
expansion. [Ans. (i) 162.63 kJ; (ii) 10 atm; (iii) —163.60 КЈ.1 
A gas obeys the van der Waals equation with a 16.69 atm litre?/mole? and 
b=0.057 litre. For gas C,—7.00 cal deg-! mole. What will be AE fora 
rocess involving the compression of 6 moles of the gas from a volume of 
me of 10 litres at 400K. [Ans. AE=3140 cai.] 
Calculate the work done in expanding 16 g of oxygen at 27°C and occupy- 
ing a volume of 5 litres isothermally until the volume becomes 25 litres. 
[Ans. 2.01 x 10? J.J 
aximum work which can be obtained by the isothermal 
s at 0°C from 2.24 litres to 22 4 litres? 
[Ans. 1258 cal.] 
ompression under a constant pressure of 2.58 
7.91 and evolves 293 J in so doing. Calculate G) work 


p 
100 litres to a volu 


What is the m м 
expansion of 1 mole of an ideal ga 


atm from 30.01 to 


321. 


3.22, 


3.23% 


3.26. 


3.27. 


3.29. 
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done, (ii) the change in internal energy. [Ans. (i) —5.78 kJ; (ii) 5.48 kJ.] 
Calculate the wor: done when 1 mole of a perfect gas expands isother- 
mally and reversibly from a volume of 1 пие to 10 litres. 

[Ап5. 1372.6 cal.] 
Hydrogen gas is expanded reversibly and adiabatically from а volume of 
1.43 litres at a pressure of 3 atm and a temperature of 25°C until the 
volume is 2.86 litres. The heat capacity Cp of hydrogen can be taken to be 
6.90 cal/deg mole. 
(a) Calculate the pressure and temperature of the gas, assumed to be ideal 

after the expansion. 

(b) Calculate д, W, AE and AH for the gas. 
[Ans, (a) 1.37 atm, 226K; (5) g=0, w= +62.0, AE 620, AH= —871. 
cal ] . 
The heat of formation of FeS (X—s)i: —22.72 К. cal mole-! at 25°C 
under isobaric conditions. What is the value of A Е? The densities of Fe, S 
and FeS (X—s) at 25°С аге 7.86х10*, 2.07 X 10? and 4.74 x 10? kgm-? 
respectively. Assume all the reactants and products to be at 1.00 atm. 
[Ans. AH= —95.06 kJ mole; A V= —4.05x 107° m? mole-; А(РР›= 
—0.41 J; AE= ` 95.06 kJ mole-!.] 
If &.—1.25 x 10-3 К-' and 8—1.07 X 1075 атт", calculate C,—C, for ССЦ. 
The density of СС is 1.5940 х10* kgm-? at 25°C. If Cp=131.8 Jk-! 
mole, Calculate C,. [Апз. 42.6 J mole? K-!; 89.8 J mole" ж] 


. Five moles of a diatomic ideal gas is allowed to expand isothermally at 


25°C from 0 0200 to 0.1000 т", Calculate а, И, AEand AH if the expan- 
sion is performed (a) reversibly, and (5) isobatically against constant pres- 
sure of 1.00 atm. 
[Ans. (а) AE=A H=0, д =W= 19.94 kJ; (b) AE=AH=0, 4=И/=8.11 
kJ.] 3 
Estimate the equipartition values of C, for each substance in the reaction 
C2H2(g)+H20(g)=C:HiO2 

(Hint, Acetylene is a four atom linear molecule) 

[Aus, 9.6 cal/deg/mole; 13.8 cal/deg/mole.] 
The relationship C,—C,— CIE holds for any substance in the gaseous, 


B 


1 73V 


liquid or solid state. «= У ar) is the coefficient of thermal expansion 
- Р . 


1 /9и 
and p= YE Gr) is the isothermal compressibility. Show that for an 
Р 


ideal gas the equation reduces to C,—C,=R. 


. For an adiabatic reversible work done by an ideal gas derive the following 


expressions 
7—1 
Poy) 


-#'=һи[ 18 Cz) ] 


7—1 
V. 
ие) | 
Calculate the heat of formation of carbon disulphide, given that the heats 
of combustion of carbon disulphide, carbon and sulphur are—265.100 cal. 
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3.36. 
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—94.300 cal and —71 080 сз] respectively [Ans. 28,640 cal.] 
Calculate the heat of formation of ethyl acetate from ethyl alcohol and 
acetic acid. Given that the heats of combustion of ethyl alcohol, acetic 
acid and ethyl acetate are —34,000 cal, -—21,000 cal and — 55,400 cal. 
respectively- [Ans, +400 cal.] 
Calculate the heat of formation of carbon monoxide from the following 
data: 
С (s)--O: (g)=CO:z (g) АН= —94.0 К. cal. 
2CO (g)--Os (g)=2C02 (в) A H= —13.6 k, cal. 
[Ans, —26.07 К. c:l.] 
Calculate the heat of formation of ammonia from the following data: 
2NHs +802 (g)=3H:0 (I)+N2 (g)+181200 cal. 
Н, (®-РО: (g =: НгО (1)+68,300 cal. 
[Ans. 94,335 cal.] 
Calculate the heat of formation of CH; Given that the heats of formation 
of CO: (g) and H:O(l) are —94.3 cal and —68.5 К. cal. respectively. 
[Ans. —19.90 k. cal.] 
The heat released on neutralization of CsOH with all strong acids is 13.4 
k. cal/mole. The heat released on neutralization of CsOH with HF is 16.4 
К. cal/mole. Calculate AH of ionization of HF in water. 
[Ans. —3.0 k. cal/mole.] 
Calculate AH for the reaction 
С.Н:ОН(1) + CHsCOOH(1)=CHsCOOC2H; (1) + HsO(l) 
from the standard enthalpy of combustion of constituents. Determine the 
accuracy of calculation if the enthalpies of combustion are measured 
with an accuracy of +0.1 per cent. The enthalpies of combustion are as 
follows: 


C:H;OH(l) (A Н)зуз = — 326.66 К. cal mole! 
CHsCOOH(I) (A Н.)+әз = —208.00 К. cal mole~" 
CHsCOOC:H;(I) (A Н) ов = —538.50 К. cal mole-* 
: [Ans. 16 07 kJ, +13 рег cent.] 
Magnetite (Fe;O;) is reduced to iron (i) by hydrogen, (ii) by carbon 
monoxide. Calculate the change in enth Иру accompanying the reduction 
of 1 g of iron. Data are given below: 
FesO(s) (A H)29s= —267.00 К. cal mole^* 
CO(g) (A H):gg = —26.417 К. cal mole-* 
HsO(g) CA H)sog = — 57.798 К. cal mole? 
CO2(g) (A H)sgg— —94.052 К. cal mole. 
[Ans, (i) 894.1 J; (ii) —83.68 J.J 
For butane, С:Н,о(в), the standard enthalpy of combustion at 25°C is 
—2977 kJ/mole. What is ДЕ for this reaction at 25°C?  [Ans. —2868 kJ.] 
Using Hess’s law, calculate the average Xe —F bond energy from the 
following data: х 
XeFı>Xe+F-+F:+FAH=1195 kJ/mole 


XeXe-e^ AH=1171 kJ/mole 
F+e>F- AH=—357 kJ/mole 
Е:->2Е АН=159 kJ/mole. 


Assume all species to be in the gaseous state and that all data were obtain~ 
ed at the same temperature. [Ans, 135 kJ.1 
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Calculate A H (reaction) for 
(a)  Ni-3H:2NH; 
(b) H:O0+Cl.+2HCI+0: 
(с) 2HI+Brz+HBr+I. 
[Ans, (a) —18 k. cal; (5) 13 k. cal; (c) —23 k. cal.] 
A very important organic chemistry reaction is the chlorination of ethy- 
Iene to form 1, 2 dichloroethane, C:Ha(g)+Cle(g)—>C2H:Clo(I). The heat 
of reaction is – 52.2 К. cal/mole, Find the heat of formation of CoH: Cle(1).. 
[Ans. —39.7 К. cal.] 
Fortunately for inhabitants of our planet, the following reaction is endo- 
thermic with a heat of reaction of +89.2 К. cal: 
CO2(g)+4N2(g)>CO(g) +NO(g) 
Calculate the heat of formation of NO(g). (Ans. +21.5 К. cal.] 
Using a known reaction, the heat capacity of a calorimeter is found to be 
1.54 К. cal per °С. When 1.04 в of chromium metal, Cr is oxidised to- 
CrzO2(s) in the calorimeter, the- temperature increases from 26.0°С to: 
26.75°C. Find the heat of formation o: Cr:0;(s) in К. cal. per mole. 
[Ans. —270 К. cal. mole-!.] 
The molar heat of combustion of naphthalene (С,оН;) is —1228.2 К. cal/ 
mole. If 0.2 g of naphthalene burned in a calorimeter raises its tempera- 
ture by 2.050°C. what is the total heat capacity of calorimeter? 
[Ans. 1402 cal/^C.] 
The heats of the following reactions at 25°C are 
Nais)+3Cl(g) =NaCl(s) АН° = —98,230 cal. 
H2(g) +S(s)+202(g)=H2SO, (1) АН°= —193,910 cal. 
2Na(s)+S(s)+202(g)=Na2SO,'s) АН°= —330,500 cal. 
$Hefg)+4Cle(g)=HCI(e) AH°= — 22,060 cal. 
Using the above data, calculate the heat of reaction at constant volume at: 
25°C for the following reaction, 
2NaCl(s)+H2SO.(1)=Na2SOx(s)-+2HCI(g) [Ans. 14,560 cal.] 
Calculate the heat of reaction for the process 
C2Ha(g)+ HCl(g) = C: H;CI(g) 
given that the heats of formation of C:H;Cl, НСІ and C:H. are —26.81, 
— 22.062 and 12.49 k.cal. mole-* respectively at 25°C. [Ans.—72.13 К cal.] 
Calculate the standard heat of formation of dilute solution of HNOs from. 
' nitrogen, oxygen and water from the following data. 


HNO»(9)--NH;(g) - NHiNO; (aq) AH= —20.84 k cal. 
NH4NO.--aq.-- NHiNO:(aq.) AH= 4632 К. cal. 
1 NH4NO;-—N:(g)4-2HsO(l)--Os AH= —49.45 k. cal. 
3N«(g)-2Hs(g)- NHs(g) AH= —16.01 К. cal. 
H,(g)+40.(g)>H20(1) AH= —68.33 К. cal. 


[Ans. —49.03 К. ca l.i 
Find the heat of combustion of nitric oxide from the following data: 
N:(g)+402(g)+NO(g) АН= +21.6 К. cal. 
№8) + 02(g)+NO,(g) AH= +8.1 К. cal 
[Апз. —13.5 К. са1.]. 
Heats of combustion of n-butane, isobutane are —688.0 and — 686.8 К. 
calories respectively at 25°C, Calculate the heat of isomerization of n- 
- butane to isobutane at 25°С. [Ans, — 1.2 К. ¢al.}, 
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. On igniting 0.1 g of liquid benzene in calorimeter whose water equivalent 


is 375 g of water and temperature rise of 2.67°C was noted. Calculate the 
molar heat of combustion of benzene. The specific heat of water is 0.999 
cal/g per degree. [Ans. 780 k. cal.] 
The heats of solution of Маз5 Ол, NazSO,.H:0 and Na:SO.. 10H:O are 
460, —1900 and —187(0 calories respectively. What are the heats of hydra- 
tion of №:50: to decalhydrate? [Ans, 19,330 cal.] 
Combustion of diborane proceeds accordirg to the reaction 
B2H,(g) 4-30«(g) 7 B:Os(g) -3H«O(g) 
and 464 k. cal. are liberated per mole of BzHg. 
Combustion of boron metal also proceeds to the product В,Оз and 
liberates 283 k. cal./mole of boron used. Calculate the enthalpy change for 
the reaction у . 
2B(s)+3H2(g)>BzHe(g)- 
Given that the heat of formation of gaseous water 
AH= —58.0 К. cal. mole. [Ans, —276 К. cal.] 
The enthalpies cf formation for SO: and NO: are —71.0 k. cal./mole and 
+8.1 К. cal./mole, respectively. Which compound is more stable with res- 
pect to the elements? Why? [Ans, SOs.] 
What is the enthalpy change at 25°C for the following reaction? 
2N,0+302>N201 
Given A°H;=19.5 К. cal. mole for N:O and A*H;—2.3 К. cal. mole~* 
for №01. [Ans. — 24.4 К. cal.] 
The standard enthalpy of formation of carbon dioxide is expressed as a 
function of temperature as follows: 
(АН°\т= 93,580—0.603Т—0.675 х 10-*72—1.001 x 105Т-1 cal. mole“. 
Find AC, as a function of temperature for this reaction. 
[Ans, AC,= —0.603—1.350x T-*+1.001 x 10°Т-°.] 
Calculate the enthalpy of formation for C2H¢(g) from the following data: 
2C2H¢(g)-+702(g) >4CO2(g)+ 6H:O(1) АН= —3116 kJ. 
C(s)+O2(g}+COx(g) < АН°у= —394 kJ. 
H,(g)+402(g)>H20(1) АН°,= —285 kJ. 
At its normal boiling point Br; requires 1923/8 to vaporiseone mole of the 
liquid. Calculate AHyap and A Eyap, 
[Ans. ЛН ар 730.7 kJ mole; AE yay 728.3 kJ.] 


The “heat of total cracking" Hy, fora hydrocarbon is defined, for the 


purpose of this question, as the A H2ggk for a reaction of the type 
C,,Hm+(2n—m/2) H«(g) 2 nCHa(g) 

Given that HT, is —15.6 cal. for C4H;(g) and — 20.9 К. cal. for СзНв (g), 

and that the heat of formation of CH.(g) at 25°C is —17.9 К. cal, calculate 

AH 98k for CH,(g)+CsHs(g)=2C2H4(g). [Ans.'10.3 cal.] 


The heat of formation of C:H;OH(I) is—66 k. cal./mole, while the heat of 
combustion of CO:'g) and НзО() of the isomeric CH;—O—CHs(g) is 
—348 k. cal./mole. The heat of formation of Нг0(1) is —68 К. cal./mole 
and the heat of combustion of carbon is CO2(g) is —94 К. cal./mole. Cal- 
culate A H298K for the isomerization reaction aes 
C:H,OH()- CH;—O -CHs(g) [Ans, 22 К. cal.] 
Consider.the titration of a weak acid such as. HCN witha strong base such 
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as NaOH according to the reaction 
HCN(aq.)+ NaOH(aq.) - NaCN(aq.) -HsO(1) 
If the heats of formation are —68.3174, —21.2, —112.236 and 25.2 k. cal. 
mole-! at 25°C for НО, NaCN, NaOH and HCN respectively. Calculate 
ЛН зов neutralization and heat of ionization. 
[Ans. —55.898 kJ, +45.4 КЈ.] 


Calculate the heat of dilution, for diluting a solution containing one mole 
of AgNOs in 109 moles of water by adding 400 moles of water. The heats 
of formation are —24.637 and —24.362 К. cal. mole for the solution con- 
sisting of 100 and 500 moles of water respectively added to one mole of 
AgNOs at 25°C. [Ans. 1.15 kJ.] 
Sodium carbonate dissolves in a large excess of H:O with the evolution of 
5500 cal of heat per mole at 25°C. Calculate the heat of formation per 
mole of NazCOs in a dilute solution. [Aus. —275,800 cal./mole.] 
At 18°C the heat of solution of anhydrous CuSO, in a large volume of 
water is —15,800 cal/mole, while that of CuSO:.H:O is 2750 cal./mole. 
Calculate the heat of the reaction at 18°C 
CuSO, (s)+5H:0(1)=CuSO; 5H:O(s) 
[Ans. A H=—18,550 cal.] 
Bond energies imply the heat liberated in the formation of bond between 
gas phase atoms. Calculate the average bond energy of С-Н bond from 
the following thermochemical equations: 
C (graphite) 29:8) =CHulg) АН=—18 k.cal. 
Cle)=C graphite) AH=+172 К. cal. 
H.(g)= H(g) AH=+104 К. cal. : 
[Ans. +99.5 К. cal.] 
Calculate the bond energy for C—I if the enthalpy of formation for 
CHal(g) is 3.1 К. cal. mole-!, 52.095 for H(g), 171.291 for C(g) and 25.535 


for I(g). and if the average bond energy for C —H bond is 415.9 k. cal. 
mole“. [Ans, 216.7 К cal. mole*.] 


The heats of neutralization (AH) of sodium hydroxide and ammonium 
hydroxide with hydrochloric acid are 13.68 and —12.27 К. cal. per mole 
respectively. Assuming that ammonium hydroxide is practically undisso- 
ciated, calculate its heat of dissociation. [Ans. 1.41 k. cal.] 
Saturated solutions of ammonium chloride are often used in sports to 
reduce the swelling of a sprained ankle. Calculate the temperature drop 
for 
NH, C\(s)+10H2O=NH.Cl (in 10H20) 

if the heat of formation of МНаС! (in 10H20) is —71.567 К. cal. тоет! 
and that of МНС) is —75.15 К. cal. mole". The specific heat of solu- 
tion is 3.77 kJ kg! K^. NM 

[Ans, AH=14.99 kJ; C=0.881 kJ mole? K^; 17°С.1 
Calculate the СЕМ bond energy € сем if the enthalpy change for the 


Teaction 
H 


| 
2C(g) iN) Ha) H7 C7 C7 NOD 
H 
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is 
AH- — 322 К. cal. mole 
€NzN 7225 К. cal. mole 
€ H-H 7103 К. cal. mole"* 
€c-c =80 К. cal. mole 
Єс-н =99 К. cal. mole 
[Ans, 212 К. cal. mole" 
3.68. Estimate the enthalpy change for the reaction 
SiHi(g)+4 HCl(g) ^ SiCl.(g) --4Hs(g) 
Given the bond energies are 
€s—H =76 К. cal. mole 
€ H—CI7103 К. cal: mole“? 
€si—c)=87 К. cal. mole* 
Єн-н = 103 К. cal. mole. А 
[Ans, — 44.0 К. cal.] 
3.69. Calculate HBr bond energy if 
AH^rgpgr^ —36.2 kJ/mole 
H:>2H AH=431 kJ 
Br:>2Br АН=188 kJ. 
[Ans. 346 kJ.] 


4 
CHEMICAL THERMODYNAMICS—II 


Reversible process. A process is being carried out reversibly when 
an infinitesimal change in the value of a variable can cause the pro- 
cess to proceed in one direction or the other. 

The pressure-volume work in a reversible process is greater than the 
work that could be done in any other expansion process that allows 
the gas to undergo the same volume change. The work done in any 
reversible process is the maximum work obtainable from that process. 
One important observation in case of reversible process is: 

“All the processes that proceed sp ontaneously from a given initial 
state to a given final state do so with an increase in randomness.” 

This is one form of the important generalization called second law 
of thermodynamics. Another form of second law of thermodynamics 
may be stated as under: 

“Heat cannot be completely converted into an equivalent amount 
of work without causing other changes in some part of the system or 
its surroundings." This is the statement of second law of thermo- 
dynamics. . 

Efficiency of a Carnet cycle. A Carnot engine is an idealized heat 


Pressure —, 


Volume —> 
Fig. 4.1 


engine that follows the cyclic process. It consists of four steps per- 
formed on an ideal gas as shown in Fig. 4.1. 
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Step I. A reversible isothermal expansion from volume Vi to V, at 
a temperature Т,. 

Step II. A reversible adiabatic expansion from volume V2 to Vs 
with a temperature change from T; to Те. 

Step Ш. A reversible isothermal compression from Из to V4 at Т). 

Step IV. A reversible adiabatic compression from Из to Vi at a 
temperature change from Т; to T;. 

The performance of an engine is usually computed on the basis of 
the network produced for a given consumption of heat from the hot 
reservoir. The efficiency, у of a Carnot cycle is given by 
W _ ТТ 
= Т, «s CL) 
where W is amount of work done and 4, is the amount of heat taken 
from the hot reservoir. T, is the temperature of the hot reservoir and 
T; is the temperature of the cold reservoir. 


Entropy 
The entropy change of a reversible process occurring at a tempera- 
ture T is the defined as 


Sc 
д5= т т. 0) 


The entropy is a Greek word which means change. It is convenient to 
measure the change in entropy accompanying a particular process. It 
has the unit cal. deg™ or e.u. (entropy unit). 

Entropy changes for an ideal gas. The entropy change for an ideal 
gas is given by the relation 


2 2 
S= Te Va : 
A C, In т, НЕ т у, xa) 


The entropy change for a process involving ideal gas thus depends 
on the initial and final temperatures and volumes. 
Entropy changes at constant pressure or constant yolume. The entropy 


changes under these specified conditions can be calculated with the ' 


help of following relations f 


A S, C, na? EC 
T 
5 S, — C, n% "NC 
The entropy change in an irreversible process is given by, 
A S=R In РИ ... (6) 


The entropy of a gas increases in expansion and decreases in a CODI 


pression, In an irreversible (spontaneous) process / S is positive. 
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Third Jaw of thermodynamics. According to this law the entropy 
content of all perfectly crystalline materials is the same at 0°К. 
Free energy. The Gibbs free energy G is defined as 


G=H—TS recap 
and the Helmholtz free energy A, is defined as, 
_A=E—TS ... (8) 


Since it is difficult to calculate the absolute values of Gand А, we. 
can calculate the changes іп С and A i.e. AG and ДА 


AG = AH — A(TS) ... (9): 

AA = AG — A(TS) e. . (10), 
At constant temperature, 

AG = AH —TAS неа КОР 

ДА = AE — TAS m2): 


Clausius and Clapeyron equation. The vapour pressures of all sub- 
stances increase with increasing temperature 


Ра... A Ay | Т — Т 
Ир = R (ae ) ... (13) 


A Н, = molar heat of vaporization of a given weight of liquid. Р; is 
the pressure at temperature Tı and Р» is the pressure at a tempera- 
ture Та. 

Problem 4.1. Compare the maximum efficiency of reversible engines. 
in which working substances аге (1) НгО (її) Hg, the heat sources 
being at their respective boiling points at 1 atmosphere pressure. The 
boiling point of H:O = 100°C and Hg = 357°C. The temperature of 
the sink is 25°C in each case. 

Solution. Efficiency of engine using water as the working substance 


f — LT, 
"no Т, 

_ 373—298 
"нео 272131373 

"gs 
718.0 idi 373 
Mm ПЕЙ 
HG T3 

_ 630—298 
HG 630, ` 
00. 
нс 630 
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"m __ 332 | 75 


1120 630 | 375. 


= 1:2.622. 
Problem 4.2. А heat engine works between 130°C and 42°С. Cal 
culate its efficiency. 


Solution. Efficiency y=" T, is the temperature of the hot 
е 


reservoir and Т, is the temperature of cold reservoir 


— 403—315 T, = 2734-130 = 403K 
: 403 Т. = 2734-42 = 315K 
88 
= 403 x 100 


л = 21.84 per cent. 

Problem 4.3. The boiling point of water at 50 atm is 265°C. Com- 
pare theoretical efficiencies of a steam engine operating between 
55°C (i) boiling point of water at 1 atm, (ii) boiling point of water 
at 50 atm. 

Solution. At one atmosphere boiling point of water is 100°C, i.e. 

Т, = 273+100= 373K 
T. = 2734-35 = 308K 
373—308 _ 65 
Niam = aam x = 373° 
The boiling point of water at 50 atm 
T, = 273--265 = 538K 
Т, = 273435 = 308K 
\ _ 538—308 _ 230 
50ат == 535 = 538 
nism _ 65. < 538 
"505m — 373 ^ 230 
— 0.4077. 


Problem 4.4. Calculate AS for the reversible isothermal expansion 
of 2.00 moles of an ideal gas from 10.0 to 12.0 litres at 27°С. 
Solution. For an isothermal process involving an ideal gas, 
ЛЕ= OandQ=—wp 
Q = — W = nRT hh ИУ, 


0 = 2.303 nRT log Vè 


Ase 2 = 2.303 nRT log m 


A S = 2.303 nR log y 
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A S— 2.303(2)(1.987 cal. deg! mole) log 2 
AS= 0.72 cal/K. 

Problem 4.5. Calculate the entropy change of the universe when 
2.0 moles of water at 80°C are mixed adiabatically with 3.0 moles of 
water at 40°C. The heat capacity of water may be considered to be 
constant at 18 cal. deg ! mole"! over the temperature range of the 
process, 

Solution. In this case 2 moles of hot water is the system and 3.0 
moles of cooler water is the surroundings. The sum of the two entropy 
changes will be the change for the universe. Let X°C be the final 
temperature. 

Heat lost from the system— Heat gained by the surrounding 
2 moles (18 cal. deg! mole) (90°C—X)=3 moles (18 cal. deg! 
mole?) (X—40*C). 


X=60°C 
or > 273+ 60=333K | 
Тг 
ASyystem =2.303 nC, x log т. 


D S;ysten=2.303 (2.00 moles) (18 cal. deg! mole") log 22 


3 
AS,ystemn=—3.1 cal. deg! 
A Surroundings =2-303 x (3 moles) (18 cal. deg“! mole?) log ES 


=3.3 cal. deg ?. 
ASuniverse = ASsystem+ A Surroundings 
ASvniserse =—3,1+3.3 
ASuniverse =0.2 cal. deg™. 

Problem 4.6. One mole of liquid water at 100°C is placed in a 
thermostat maintained at 25°C. Calculate the entropy change in the 
process. The molar heat capacity of liquid water is 18 cal. deg !. 

Solution. The entropy of water changes and the thermostat also 
takes in heat from water at 100°C, hence the entropy changes. The 
total entropy change is obtained by adding the two. 


Entropy change of water A.5;—2.303 C, log 22- 


2 
A S1=2.303 x 18 log = 


AS, =41.454 (log 298—108 373) 
A S1 —4.042 cal. deg* 


Change in entropy of the thermostat. 
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Е 
AS: = Ti 
q—18x1x(T»—T3) 
—18x1x(373—298) 
=18 x 1 X75=1350 cal. 
1350 - 
AS: = ^35 45 cal./deg. 


Net entropy change= 4.53—4.041— 0.489 cal. deg !. 

Problem 4.7. One mole of steam is condensed at 100°C and the 
water is cooled to 0°C and then frozen to ice. Calculate the entropy 
change of ice. Given that the latent heat of fusion of ice and latent 
heat of vaporization of water are 80 cal./g and 540 cal./g respec- 
tively. 

Solution. The process is being carried out in three different steps: 

Steam — Water — Water — Ice 
100°C І atl100C П 0С Ш at 0°С 
Step I. Steam is converted into water at 100°C. The change in 


entropy is: 
ASi=q/T 
q—18 540 calories 
T=373 K 
9720 
Д51= 7373 =26.06 е.и. 


Step II. Water at 100°C is brought to 0°С. The change in entropy 
AS,=2.303 С, log Т» [Т\. 


A S2=2.303 x 18 log 


=—5.614 e.u. 
_ Step Ш. Water at 0°C is being converted into ice at 0°C. The 
change in entropy AS, 


273 
373 


AS,—q|T < 
4=18Х 80 calories Т=273 К 
1440 
А$з= 27:3 924. 


The total change of entropy AS— A Si-- A Ss-I- A Ss 
AS=26.06—5.614+5.274 
A S=25.720 calories/deg. 
Problem 4.8. Calculate AG for the isothermal expansion of 2.00 
moles of an ideal gas at 25°C from a pressure P,—1 atm to 


P2=0.100 atm. 
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Solution. AG=nRT In A 
1 
—2.303 nRT log Р/Р, 
=2.303 (2 moles) (1.987 cal. deg ? mole?) log 


(3500 ) 
1.00 
AG=—2720 cal. 


Problem 4.9, Calculate AG,,, for the net reaction of alcoholic 

fermentation of glucose, which proceeds according to the reaction 
С1исозе->2 ethanol--2COs 

Given AG of glucose and ethanol in aqueous solution are—917.0 and 
—181.6 kJ mole" respectively and AG formation of carbon dioxide 
as a gas is —394.5kJ mole"! 

Solution. AGnet=(A Gp roducts)—(AG reactants) 

=2х AGc,n;on t? A6GrCo;) 


—AG 
4 T glucose 


==[(2 x —181.6)4-2 x (—394.5)]—917.0 kJ mole 
AG,,,——235.2 kJ mole". 

Problem 4.10. The enthalpy and entropy changes for the reaction 
С (s) diamond--Os-CO: (g) at 25°С and 1 atm are—393.4 kJ and 
0.006 k J/k respectively. Is the conversion. of diamond to carbon 
dioxide at room temperature a spontaneous process? 

Solution. AG=AH—TAS 

AG= 393.4—(298) (0.006) 
=—395.2 kJ 

Since AG is—ve, the reaction is spontaneous. 

Problem 4.11. The hydrolysis of adenosine triphosphate which 
liberates its terminal phosphate group, is a reaction of great biochemi- 
cal importance and several attempts have been made to measure the 
values of AZ, AS and AG for this reaction at "physiological" 
temperatures and pH values. In one such determination at 309K and 
pH 7 in the presence of Mg?* ions, it was calculated that when AH 
was—20.08 kJ mole? AS was --35.21 kJ K^! mole. Calculate the 
corresponding value of AG of the reaction. 

Solution. For a closed system at constant temperature, we have the 


relation, 
AG=AH—(TAS) 


AG=? 

AH=—20080 J mole 
T=309 K 

AS=+35.21 KJ mole 
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On substituting these values in the above equation we get, 
AG=—20080—(309 x 35.21) J mole: | 
=— 33.96 kJ mole !. | 
Problem 4.12. Calculate the changes in thermodynamic quantities 
С, S, Н and V for mixing of half a mole of oxygen with half a mole 
of nitrogen at 25° and 1 atm, assuming that the gases are behaving 


ideally. 
Solution. AG, —nRT (Xi In Х.Х In X2) 
—(1 mole) (2.303) (1.987 cal K^! mole!) 
x (298.15 K) (0.5 K log 0.5--0.5 log 0.5) 


=— 410 cal. 
AS —— AGm, [T 

=—410/298 

=1.376 cal. K=! 
АН»‚.=0. 


А 0. 

Problem 4.13. Calculate the standard entropy change and the free 
energy change when 1 mole of water is formed from its elements at 
25°C. The standard entropies of Н», Оз and НгО are 31.21 cal. deg 
mole 1, 49.0 cal. deg"! mole and 16.73 cal. Чер 1 mole * respectively. 

Solution. The formation of water can be symbolized as, 
Hs(g)--$ Os (2)=НоО (1) 
AS 1778'g,9—5 g,—:56, 
AS°s=16.73—31.21—24.50 
AS? s=—38.98 cal. deg"? mole", 
AG-— A H—T AS 
AG= —68,320—298 (—38.98) 
AG=—56,700 cal. mole", 
Problem 4.14. For a gas that has the equation of state 
.... PV—RT—BP-- APT 
where V is the molar volume, А and B are constants characteristic of 
the gas, show that ` 
2 


OC ak ( AP 
р I+ n) 
Solution. We know that 


and 
Rr 
УЕ vas (2) 


Differentiate (2) with respect to T at constant volume 
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ORE) в R ART 
e: ),= V—AT=B* —ATHBE ы 
RV—ATR--BR--ATR R (V 4- B) 
(F—AT-4-B) О (VF—AT4- Bj 
v= Ss AT—B 
aV R 
( PARU RC. 
"e . RT (V--B) (RJP-- A) 
ртт е ATE BY 
RT*RI|P4-Ay = ( R ) 
OG =a, В PCM 


C,—0C,— R(14- AP/R 
Problem 4.15. Prove that 


@ (25) = —ит 
© (37), = += 
Solution. ӘН = TdS+VadP 
(a) (S), = ут. 
(b) ds = (3p) + (25), т 
(37) = (Sr), Ф + GR), (4), 
Ау i 
CA oe Jy” Ovo 
(E -— Be 


as t C, 
( aV n В ш 
Problem 4.16. For a van der Waals gas 
(a). Show that 


as nR 
( 25 шо 

as V—nb 
(4), = Qna] RV?) (V—nby —T 


3E _ та 
(ay ); Ty 
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HY. V—nb 
(2 ) = UxjRIVS АЕ * Y 


(art PUN PME 
К (2/V) (V—nby— (x ) 


(b) Evaluate AE, AH, AA, AG and AS for an isothermal expan- 


na 


sion. 
Solution. van der Waals equation for n moles can be written in the 


following three forms: 


(Рт z а) =) = nRT ES 
P= РЕТ OU th 
PV = qn el 
о (9): =. (Gr) у= 


(35 95 үн -ea D ( 14 
ӘР. Жа ЭТ јр 
Differentiating equation (1) implicitly, 


na oV па f oV 
(rr) =” (47), (V—nb) — nR. 


(ЧЕ); - - $F) asuma i-am 
IE IT ЭТ )P (пај) (V—nb)—(P 4-n?a] V*) 
HU. ESI HRS a o 

Qna [VV —nb)—nRT (V—nb) 

ad V—nb 

=GnalRV®) (У—пЬу#—Т 


CORDAE es 95 E та 
( y) Tr) баб 
Н ) (8). V—nb 
езе ——Ó Б 
(+ т aP)r + V = латат арт № 
_дЕ de -(3 oH aV 
(+p prre. 
Differentiating equation implicitly, 


[1-29 (32 b Jo- nb) (р) (26), =0 


(45). = Иа ego ч. 
2 (2n?a|V9) (V—nb) — nRT/(V—nb) 


= 
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SERED MEC 
— RT [Qna] RTV3) (Y — nb)? — 1] 


"AN V—nb 
i (37) GnalRTV®) (V—nby — Г 
fi na (V—nb)? 
VERT [Qna/RTV®) (УБЕ 


Therefore 
ФЕ ^ (V—nb) 
(FF P = ©) (—nby — У*КТ/ла _ 
Ve : ; 
o ae = race (e) 
V, 


AH = AE + A(PV) 


= кэл е е лү a 
am =nRT( 1—nb[Vs rum.) таб ГА y) 


= 972 Ж) am ( 1 a> 1 
АН = ay; LU TON. rum) 


Vo 
= Vo—nb Я 1 
АА =— ] PdV — — nRT In (s ина, жу, 
= = Vs —nb 
AG = AAT A(QPV) nTR in( pcm ) 


Problem 4.17. The boiling point of ether is 33.5°C at 760 mm pres- 
sure. At what temperature will it boil at a pressure of 750 mm. Given 
that the latent heat of vaporization of ether is 88.4 calories per gm 
and the molecular weight of ether is 74. 

Solution. Ps = 750 mm, T» = ? 
| P; = 760 mm, Tı = 306.5 К 
АН, = 88.4Х74 cal per mole 


Pi AH Tam Та 
log Pr = dE id ob E E 
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ise 760 _ 88.4х 74 (T2—306.5) 
2 7650 2.303 х 1.987 x 306.5 Т» 
T» = 305.9 К = 32.9°С. 

Problem 4.18. The vapour pressure of liquid A is 50 mm Hg at 
46°C; this vapour pressure is 0.50 mm greater than that of solid A at 
the same temperature. At 45°C the vapour pressure of liquid is 
1.00 mm greater than that of the solid ДН 9.0 К. cal. (a) Estimate the 
melting point. of A, (5) calculate the heat of fusion and sublimation 
of A. 


= —————— I 
dT RT: 198x319x3]9 — 22 mm/deg 


At the melting point the liquid and solid must have the same vapour 
pressure. Since the difference is 1.00 mm at 45?C and 9.5 mm at 
46°C, it should be zero at 47°C. Hence the melting point of the solid 
should be 77°C. 

Problem 4.19. What is the change in the boiling point of water at 
100° per Torr change in atmospheric pressure? The heat of vaporiza- 
tion is 539.7 cal. g`}, the molar volume of liquid water is 18.78 cm?, 
and the molar volume of steam is 30.199 litres, all 100*C and 1 atm. 

Solution. = ret 

(539.2 cal. 271) (18.02 в mole) (0.0412 g litre atm cal.) 
" (373.1 К) (30.180 litre mole!) 

dP/dT= 0.03566 atm K^! 

dP/dT= (0.03566 atm К^!) (760 Torr atm!) 

АР/АТ= 27.10 Torr K^!. 

Problem 4.20. The normal boiling point of chloroform is 344 K. 
At 328 K, the vapour pressure of chloroform is 0.824 atm. What is 
the heat of vaporisation of chloroform for this temperature range? 

Solution. If we set T» —344 К, tanen P2=1.00 atm, 7,—328 К, 
Р, =0.824 atm. 


| (£)- ( AH, ) (Fe 
98 Up, 2303 К ) \ Ts 


1.00 atm ) zi Ad, 334 K—328 К 
log Е а (.303)8.314 visa] E K) 
A H,=29,390 J/mol 
AH, =29.4 kJ/mol. 


Problem 4.21. The vapour pressure of carbon disulphide at 301 K is 
0.526 atm. What is the vapour pressure of CS; at 273 К? The heat of 


Ре ( ар ) AHXP 9000 x 50 
Solution. | —5— | = = 
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vaporisation over this range of temperature may be taken as 27,6 kJ/ 


mol. 


Solution. T» 2301 К, P2=0.526 atm, T1—275 К 


log 


4:1. 


4.2. 


4.3. 


4.4. 


4.5. 


4.6. 


4.7. 


4.8. 


4.9. 


PN Г AH, M тт 
log ( Pi )- (эз xX Tits ) 


( 0.526 atm )=( 27,600 J/mol IL 301 K—273 К 7 
( 


Py (2.303)(8.3 14 ЛК mol) Л (273 K) (301 К) | 
=0.491 
0.526 
a =3.10 
Р, =0.170 atm. 
ЕХЕКСІЅЕЅ 


Which of the following are extensive quantities? (а) energy (Б) free energy 


(c) entropy (d) temperature (c) enthalpy. [Ans. (a), (b), (с), (е)] 
Which is the best definition of the heat of reaction? (а) AE+PAV 
(6) E+PV (c) the enthalpy of reaction at constant pressure (4) PAV 
(e) А(РИ): [Ans. (c)] 
The state function which has to be introduced to account for unidirectional 
changes is (a) enthalpy (b) entropy (c) free energy (d) energy (e) heat 


content, [Ans. (5)] 
At equilibrium which of the following is zero? (а) TASsy, (b AS 
(c) ASpas (d) AG (АНД? [Ans. (d)] 
What is the maximum efficiency of a steam engine operating between 120°C 
and 20°C? [Апз. 25 4 per cent] 


Calculate thermodynamic efficiency of a heat engine operating between 
temperatures of (a) 0°С and—100°C, (6) —100°C апа—200°С. 
[Ans. (a) 36.6 per cent, (6) 57.8 per cent] 
A bar of metal having a mass of 50g and a temperature of 100°C is 
dropped into a beaker containing i00 g of water at 25°C. Determine the 
final temperature of the system and Деҳа S5y,9 and ASyniy, for 
the process. Assume that the beaker is completely isolated from surround- 
ings and that the metal has a heat capacity of 0.389 J.g“'K-?. The heat 
capacity of water is 4.18 J.g7K—. 
[Апз. ASg g=+4.60J K^, AS, ji, 7045 IK] 
Compare the efficiency of a Carnot engine using liquid water as a working 
fluid at 50 atm pressure with the same engine at 1 atm. Assume tbat the 
upper reservoir is at the boiling point of water and the sink is 25*C in 
each case. The boiling point of water at 50 atm is 265°C. 
[Ans, 2.22 times as efficient] 
One mole of He at 25°C is compressed isothermally and reversibly from a 
volume of 10/ to a volume of 31. Calculate AS, AS,urr, and ASuniv, 


for the process. , 
[Апз. AS,=—10.0 к=, ASsyrr, = 10.0 Ук А багу. =0] 
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4.10. Calculate А5 у for freezing of 1 mole of water to ice at +10°C. The 


heat of fusion of ice is 6025 J. mole“ at 273.15 К. [Ans. —0.90 1. K-4.] 
4.11. Calculate the entropy change involved in the thermodynamic expansion of 
2 moles of an ideal gas from a volume of 5 litres to a volume of 50 litres 
at 30°C 
4 12. Calculate the entropy change when two moles of an ideal gas is heated 
from a volume of 100 litres at 50°C to a volume of 150 litres at 150°C. 
(C,—7.58 cal deg! mole^!, R—1.987 cal deg-! mole.) [Ans, 4.99 e.u.] 
4.13. For the melting of sodium chloride heat required is 7.26 k.cal mole-* and 
the entropy increases to 6.73 cal mole deg-!, Calculate the melting point 
of the salt. [Ans. 804*C.] 
4.14. Ten grams of helium is compressed isothermally and reversely at 100°C 
from a pressure of 2 atm to 10 atm. Calculate (i) О, (ii) W, (ii) AH, 
(iv) AE, (v) AS, (vi) AG. Assume ideal behaviour. 
[Ans, (i) О = —2982 cal, (ii) W=2982 cal, (iii) АН=0, (i) AE=0, 
(v) AS=—7.992 cal deg}, (vi) AG=2982 cal.] 
4.15. Calculate the free energy of formation of urea CO(NH»)(s) from the 
following data: 
CO:(g)-- NHs(g)— H:O(g)-CO(NHs)s(s), A G^»35—456,1 cal 


H:O(g)=H2(g)+402(g) A G^:98— 54,635 cal 
C (graphite)-- O:(g) = СО» (в) A б°›в= —94,260 cal 
Ne(g)+3H2(g)=2NHa(g) AG°20g=—7,952 cal 


[Ans. AG"rormation —47,121.] 
4.'6 The freezing point of b:nzene at 1 atm pressure is 5.45°C. The density of 
solid benzene is 0.978 g/c.c. and the density of the liquid is 0.874 g/c.c. at 
the melting point. 
A Hrusion ^ 2350 cal/mole for benzene. For the process 


C.H, (1, 1 atm, 5.45°С)->СьНь (s, 1 atm, 5.45°C) 


Calculate (i) AS, (ii) W, (iii) Q, (iv) AG. 
[Ans. () AS— —8.435 cal deg! mole“, (ii) W=0.23 cal mole, 
? : к (iit) Q= —2350 cal, (iv) AG=0] 
4.17. Calculate the entropy change involved in the conversion of one mole of 
liquid water at 100°C to vapour at the same temperature. Latent heat of 
vaporization of water is 540 cal/g. [Ans, 26.06 cal.] 
4.18. Could the following reactions proceed spontaneously? 
(а) Malate-?~fumarate-?-+H20 (298K) 
(b) lencine+-glycine->lencylglycine-++HzO (298K) 
(c) Oxaloacetate*-+H20 > pyruvate---HCO;- (298K) 
(d) се мег (263K) 
Values for the standard Gibbs free energies at 298K in kJ mol-!are as 


follows: 
malate~*—844 lencine—341 
fumarate“ *—604 glycine—373 
Oxaloacetate-?— 796 lencylglycine—464 
pyruvate- —474 water—237 
НСОз-—586 


[Ans. (а) AG=+3 kJ mol^* would not proceed spontaneously. (b) AG= 
13 kJ mol? would not proceed spontaneously. (co) AG— —27 kJ то? 
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would proceed spontaneously, (4) would not proceed spontaneously below 
273.15 K.] ? 

4.19. Calculate the entropies of vaporisation in cal К-* mol-! of the following 
substances from their boiling points and enthalpies of vaporisation. 


Boiling Point/K A Hyaplk cal mol 
C; H; 353 7.35 
CHCls 334 7.02 
H:O 373 9.70 
C;H,OH 351 9.20 


In terms of the structures of the liquids suggest reasons for higher values 
observed for НО and CsH;OH. Š 
[Ans. C,H: 20.8 cal k- mol-!, CHCl: 21.0 cal k-* mol-, H:O 26.0 cal k— 
mol-!, С:Н:ОН 26.2 cal k^! mol, Hydrogen bonding in H:O апа СН; 
accounts for higher values.] 
4.29. Calculate the change in entropy of 5 moles of an ideal gas when a gas is 
expanded reversibly and isothermally from 2 atm to 1 atm pressure at 25°C. 
What would be the entropy changes of the system and surroundings if the 
| expansion were performed adiabatically? 
[Ans, ASgas= +6.89 cai/deg.] 


4.21. The entropy and enthalpy changes for the reaction He(g)--1e(s)=2HI(g) at 
25°C and | atm are 51.8 kJ and 0.165 kJ/K, respectively. Is the formation 
of HI spontaneous at room temperature? 

[Ans. AG=-++ve the reaction is not spontaneous.] 

4.22. AG? for the reaction 

N:+3H2>2NHs É 
is—33.26 kJ and AH for the reaction—92.36 kJ. Calculate AS for the 
reaction. j [Ans. —0.198 КЈ/К.] 

4.23. The enthalpy change for a certain reaction at 298K is— 5.0 К. cal/mole, The 
entropy change under these conditions is —7.2. cal/mole deg. Calculate the 
free energy change for the reaction. [Ans. —2.9 К. cal/mole:] 

4 24. Calculate the entropy changes for heating one mole of silver from 298 K to 
1500 K at constant pressure if the process is performed (i) reversibly, (ii) 
irreversibly by placing the silver in an oven at 1500 K. The average value of | 
C, for silver is 259 J mole! K~. [Ans, (i) 41.9 e.u. (ii) —20.75 e.u.] 

4.25. The values of AH and AS for a chemical reaction are —22.6 k. cal and 

—45 2 К. cal/deg respectively, and these values are not changed much by 

temperature changes. Calculate AG (i) at 300 K, and (ii) at 1000 K, for 

the reaction. [Ans, (7) —9040 cal, (ii) 22,600 cal.] 

The transition point of æ-sulphur to &-sulphur is 96°C at one atmospheric 

pressure. The densities of &-sulphur and P-sulphur at this temperature are 

2.03 g cm? and 1.98 в cm? respectively. The heat absorbed in the change 

is 77 cal/per gram atom What is the transition temperature at 10 atm pres- 

sure? Given that g=981 cm sec~*, density of тегсигу=13.6 р cm^? and 
| cal=4.2 x 107 ergs. [Ans 96.418°C] 

The vapour pressure of water at 90°C and 100°C are 526 mm and 760 mm 

respectively. Calculate the mean heat of vaporization of water between 

90°C and 100°C. "[Ans. 9954 cal mole-.] 


4.26. 


> 
m 
zi 
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4.28. At what temperature will water boil at a space station where the atmos- 
pheric pressure is 528 mm of Hg. The latent heat of vaporization of water 
is 545.5 cal р—1. The boiling point of water is 100°C at 760 mm Hg. 

[Ans, 90°С.] 

4.29. The vapour pressure of water at 25°C is 23.76 mm Hg. What is the vapour 
pressure at 35°C, given that AH, for water is 40, 360 J mole-1? 

[Ans. 40.43 mm Hg.] 

4.30. The heats of vaporization and of fusion of water are 595 cal/g and 79.7 
cal/g at 0°С. The vapour pressure of water at 0°С is 4.58 mm. Calculate 
the sublimation pressure of ice at —15°C, assuming that the entropy 
changes are independent of temperature. [Ans. 1.25 mm.] 

4.31. Propane has the following vapour pressures at 150 K, P—3.28 mm; at 
200K. p=198.0 mm; at 250K, p=2074 mm at 300K, p=10,040 mm. 
From these data calcu'ate (a) the heat of vaporization, and (b) the vapour 
pressure at 225K by a graphical method. 

[Ans. (a) 4670 cal/mole, (5) 741 mm.] 

4.32. What is the boiling point of water on a mountain where the barometec 
reading is 600 mm? The heat of vaporization of water may be taken to be 
9.72 К. cal/mole . [Ans, 93°C.] 

4.33. The heat of vaporization of ether is 88.39 cal g™} at its boiling point. 
34.5°C (a) calculate the rate of change of vapour pressure with temperature 
at the boiling point, (5) what is the boiling point at 750 mm? and (с) esti- 
mate the vapour pressure at 36°C. 

[Ans. (а) 26.5 mm deg-', (b) 34.1°C, (с) 800 mm.] 

4.34. Gas for use in rescue work could be made as follows. Ten moles of № 
originally at 50 atm pressure and twenty moles of Оз originally at 60 atm. 
of pressure are put into a cylinder in which the final total pressure is 20 
atm. Temperature is kept constant at 25°С. Assume the gases to be ideal, 
Calculate AE, AH, AS, AA and AG. 

[Ans, AE=AH=0, AS=100.2 e.u., A4——29.8 К. cal, AG=—29.8 cal.] 

4.35. The power of the sun’s radiation incident on the earth is approximately 
1.2 К W/m? on a clear day. If the temperature of a lake stays constant and 
all the cooling is by evaporation, how much is the water level lowered in 
12 hours? The heat of vaporization is 540 cal/g. [Апз. 2.3 cm.] 

4.36. For nitromethane at 15K, the molar heat capacity is 0.89 cal/deg mole. 
Assume the Debye T? law holds for temperatures below 15K, calculate the 
molar entropy at 15K and the molar enthalpy relative to its value at 0 К 

[Aus. S=0.30 e.u./mole, H—H (0K)=3.34 cal/mole.] 

4.37. A gas obeys the equation of state: pV—nRT--nbp, where b is a constant. 
И n moles of the gas expand from И, to И, reversibly at constant tempera- 
ture T, calculate (a) ДА, (b) AG, (c) AS, (d) AE, (e) W, and (f) О. 

[Ans, (a) —nRT In [(Vs—nb)(V:—nb)]; (b) nRT (Ve!(V2—nb)— Vil Vi—nb)] 
—nRT In [(Vs—nb)C V. —п5)1; (с) nR In [СУ пБ), —nb)); (d) 05 
(e) -nRT In (Vs—nb)/(/,—n5b)); (р) --nRT In ((Vs—nb) (Vı—nb).] 

4,38. Ten grams of water at 20°C is mixed with 10 g water at 80°C in an insulated 
vessel. Calculate W, Q, AE, AH, AS, A4and AG. The molar entropy 
of water is 18.17 e.u. at 50°С. Е 
[Ans. W=0, Q—0, AH=0, AS=0.094 e.u., AA=26 cal, AG=26 cal.] 

4,39. The following absolute molar entropies are given at 25°C, for Hə (g), 31.211 


4.40. 


4.41. 


4.42. 


4.43. 


4.44. 
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e.u.; for Cla(g) 63.286 e.u.; for HCl(g) 44.617 e.u. What is the molar 
entropy of formation of HCl(g) from H:(g) and Clo(g) at 25°C? What is AS 


for the reaction 2HCl(g) - H«(g) +Cle(g)? 
[Ans. 2.368 e.u., —4.737 e.u.] 


A thermostat was maintained at a temperature of 96.9°С. The air in the 
room was at 26.9°С. During a certain length of time 1000 cal of heat leaked 
through the thermostat insulation into the room. (а) What was the entropy 
change of the material in the thermostat? (b) What was the entropy change 
of the air in the room? (c) Was the process reversible or irreversible? 
[Ans. (a) —2.70, (b) 3.33 cal deg-'; (c) entropy change=0.63 cal deg-!, 
therefore the process is irreversible.] 
It has been determined that the free energy of formation of H:O(g) is 
—54.6 k. cal per mole and the free energy of formation of liquid water is 
—56.7 К. cal per mole at 25°C and 1 atm pressure. Calculate the entropy 


change, AS, for the vaporization of water at 25°C and 1 atm. 
(Ans, 0.0285 k. cal/K.) 


At 1 atm pressure silicon tetrachloride melts at a temperature of —68°C 
and boils at a temperature of 57°C. For the phase change from solid to 
liquid, AH is 1840 cal mole-i, For the phase change from liquid to gas, 
AH is 6140 cal mole}. Calculate AS at 1 atm for the reaction 
SiCla(s)—SiCi(I) at —68*C. [Ans. 9.0 cal mole-!K.] 
Would you -expect AS to be positive, negative or near zero for the 


following: 
(i) Universe expands, 
(ii) Water freezes, 
(iii) A leaf forms on a tree, 


(iv) A crystal melts. 
[Ans. (i) positive, Gi) negative, (iii) negative, (iv) positive.] 
Indicate whether there is an increase or decrease of entropy in each of the 
following: 

(i) Sugar dissolves in water. 
(ii) A dozen marbles are tal 

ground. 

(iii) Evaporation of water. 
(iv) A given quantity of CO: gas is changed into dry ice. 

(v) Carbon dioxide gas is forced into bottles during the process of carbo- 


nation. 


ken out of a small bag and dropped on the 


-(vi) Three atoms combine to form a single molecule. 


[Ans, (i) increases, (ii) increases, (iii) increases, (iv) decreases, 
(v) decreases, (vi) decerases.] 


5 


SOLUTIONS 


INTRODUCTION 


A number of chemical reactions occur in the gas phase, and a few 
take place in the solid state, but a very large number of reactions 
take place in solution. A solution is defined as a homogeneous mixture 
of two or more components. Since they are mixtures, solutions have 
properties which depend on the properties of their constituents and 
on the relative quantities of each of the constituents present. 

It is customary and convenient to regard one constituent of the 
solution as the solvent and the other as solute. 

Gases mix readily with one another in any proportion to form gas 
pbase solutions. Some pairs of liquids, such as water and ethyl 
alcohol, also form solution regardless of the proportions of the cons- 
tituents. A general rule often useful for predicting solubilities in 
terms of molecular structure is “like dissolves like." Solvents having 
molecules with dipole moments, such as water dissolve solutes with 
dipolar molecules and solutes which are ionic. Solvents having mole- 
cules without dipoles dissolve solutes of similar nature. Thus carbon 
tetrachloride dissolves hydrocarbons, iodine and other nonpolar 
materials, which generally are insoluble in water. 


Henry's Law 
It has been observed that the solubility of gases, decreases with in- 
creasing temperature. At a given temperature, the solubilities of gases, 
which do not react extensively with the solvent, are directly propor- 
' tional to the partial pressures of the gases above the solution. This 
proportionality is known as Henry's law. Mathematically, it may be 
expressed as, 

[X] KPz vans (№) 
where [X] is the concentration of the dissolved gas, Р. is its partial 
pressure above the solution. 

Raoult's Law 
In a solution, the properties of the solvent, such as its vapour pres- 
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B 
sure and the boiling point are modified by the presence of a solute. 
The modification depends on the relative numbers of solute and 
Solvent molecules. 

A hypothetical ideal solution is defined as one which can be formed 
from its components with no evolution or absorption of heat and 
whose volume is the sum of the volumes of individual constituents. 
The vapour pressure Pa of a volatile component, А, of such а solu- 
tion is proportional to its mole fraction. The proportionality constant 
is simply the vapour pressure of the pure component, P^4 at the same 
temperature 

Ра= МАР°^ sis aie 
This relationship is known as Raoult’s law. 


Steam Distillation 
If two constituents of an ideal solution are. volatile, the vapour 
pressure of each will be lowered in accordance with Raoult’s law. 
For two such substances А and В, at a given temperature, 
Рл=МхР°х' „к (3) 
Рв=М№Р°в sos) 


The vapour pressure of the solution is the sum of the vapour pressure 
of the two constituents; 
Psoiutton— PA + Pn 

—NAP?4--NsaP^n КАКО, 
P", and P?» are the vapour pressures of the рше liquids A and В 
respectively, at the given temperature. № and Ns are the 
numbers of moles of each present in the vapour. The composition of 
the vapour is given by 

Na Pe; 

Ns CP aae (6) 
To express the ratio of A to B in the vapour in terms of the actual 
weights Wa and Ws, the numbers of moles must be multiplied by the 
respective molecular weights Ma and Mz 


Ws ae n's Ms 
Ws пв Мв 
Wa _ Р®АМА_ у 
Ws Р°һМһ zoe O) 


A system of two immiscible liquids will distil when the total vapour 
pressure P is equal to the atmospheric pressure. The boiling point of 
the mixture is thus lower than that of either of the constituents. 
Problem 5.1. How many grams of NaOH are required to prepare: 
(а) 500 ml of a 0.04 M solution, and (b) 250 ml of a dilute NaOH. 
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solution of pH 9.7? 
Solution. (а) Number of moles of NaOH required=litres x М 
0.02 mole-NaOH required—0.5 x 0.04 
Weight in grams 
Molecular Weight 
Weight in grams 
40 


Number of moles— 


0.02 — 


Weigh in grams —0.02 x 40 
—0.8 g. 
Weigh out 0.8 g, dissolve in water and dilute to 500 ml. 
(b) pH=9.7 
—] 


РН= log -їн+]. 
1 
9.7= 1ор [ET 


чая =antilog 9.7 


[НН=0.2 x 107? 
=2.0x 107M 
[H*] [OH-]=1 x 10714 
ы 1х10м 
[OH T5 X 10715 
=0.5 x 1074 
^. NaOH=5.0 x 1075M 
We need 250 ml of 5x 10-5M NaOH 
litres x M—number of moles 
0.25 x 5 x 10-5= number of moles 
1.25 х 107° moles. 
Weight іп grams 
Molecular weight 
Weight in grams— Number of moles x Molecular weight 
=(1.25 x 10-5) x 40 
=50 x 1055 g, 
Problem 5.2. What are the mole fractions of solute and solvent 
in a 1.00 m equeous solution? 


Solution. The molecular weight of water is 18.00. The number of 


= Number of moles 


moles of water in 1000 g НО, = ae =55.5 mol H:O 


A 1,00 m equeous solution contains 
Nyotute=1-00 mol 
^H;0— 55.5 mol 
Пела =56.5 mol 
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*, she mole fraction of solute, Хш, 
Nsotute__, 1.00 mol 


йш ^ SOS wil Fone 
mole fraction of solvent, X н.о, 
_ hH:O _ 55.5 mol 
hni ЕС СЙ до)! 0.982 


Problem 5.3. Calculate the vapour pressure over а solution contain- 
ing 11.7 g benzene and 4.6 g methylbenzene at 50°C, if the vapour 
pressures of the pure components at this temperature аге 3.6 x 104 


Nm and 1.12 x 10*Nm™, respectively. 
11.7 


Solution. Number of moles of benzene present= — ^9 15 
Number of moles of methyl benzene present— 46 
=0.05 
Hence, 
Total number of moles=0.20 
Molefraction of benzene (xa) =A o, 75 
Y а 0.05 
Molefraction of methylbenzene (хв) = 9.90 =0. .25 


Partial pressure of benzene, PA—x4P^4 
=0.75 x 3.6 x 104 
=2.7 x 104Nm™ 
Similarly, partial pressure of methylbenzene 
=0.25 x 1.12 x 104 
=0.28 x 104Nm™? 
*. Total vapour pressure of the mixture=2.98 x 10? 

Problem 5.4. Ten grams of the “antifreeze” ethylene glycol, 
С:Н,Оз, is dissolved in 450 grams of water. Calculate the molality 
of the solution. 

Solation. Moles of C3HcO» Weight = „ба у 
=0.16 mole 
n = Moles CzH,O2 
Molality, т = ES, 177 
0.16 mole 
0.450 kg 
—0.36 mole per kg. 

Problem 5.5. Calcium hydroxide Ca(OH)s, is to be reacted with 

phosphoric acid, НзРОз; to give calcium phosphate, Cas(PO4)s and 


т = 
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water. Two solutions are prepared by adding 5.0 grams of Са(ОН) 
to water to give 500 ml of solution and by adding 10.0 gram of 
НРО: to water to give 750 ml solution. Calculate the normality of 
the Са(ОН): and HsPOs solutions. А 

Solution. One mole of Ca(OH): accepts two moles of protons Ш 
the reaction. Therefore the equivalent weight of Ca(OH): is half the 
formula weight ie. + х 74.2=37.1. Опе mole of HPO, donates 
three moles of Н+ in the reaction, so the equivalent weight $98.0 
=32.6. 


A __ Weight of Ca(OH):  . 5.0 grams 
ВР В SALONS s Equivalent weight 37.1 grams 
—0.13 equivalent 

i 10.0 
Equivalent HPO; = Weight of НзРО: А 


Equivalent weight 32.3 
=0.30 equivalent. 
From the definition of normality, 
моон) уоона: 
=0.26 equivalent рег litre. 
Noto Spilt 
=0.40 equivalent per litre. 
Problem 5.6. A solution to be used as a hand lotion is prepared 
by mixing 90.0 grams of water, 6.40 grams of metliyl:alcohol and 
18.40 grams of glycerol. Calculate the mole fraction of glycerol. 


Solution. The number of moles of each component is found from 
moles=weight/molecular weight 


(900 _ 
Moles H:0— 18.0 =5.0 

— 6.40 . 
Moles СНзОН= 32.00 70-20 

А _ 18.40 _ 
Moles C;Hs0»— 920 "020 

Mole fraction of glycerol is 
y= 0.20 


500.204.029. — 0.037. 
Problem 5.7. The solubility of Ne in water is 2.2 x 10-4 g in 100 
grams of H20 at 20°C when the pressure of nitrogen over the solu- 
tion is 1.2 atm. Calculate the solubility at that temperature when the 
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nitrogen pressure is 10 atm. 
Solution. Nitrogen concentration [Ne] - KPN: 
222x107 g=K (1.2 atm) 
Kees 42x вх 107: g/atm 
[Ns]- (1.8 x 1074 g/atm) (10 atm) 
—1.8x10 3 в. 
Problem 5.8. Calculate the mole fraction of water consisting of 
9.0 g of water, 120 g of acetic acid, and 115 g of ethyl alcohol. 
Solution. The molecular weights of water, acetic acid and ethyl 
alcohol are 18, 60 and 46 respectively. The mixture thus contains 
0.50 mole of water, 2.0 mole of acetic acid and 2.5 mole of ethyt 
alcohol. 
Total number of moles=5.0 


Mole fraction of H20 = au 


=0.10. 

Problem 5.9. The vapour pressure of pure benzene and toluene at 
60° are 385 and 139 torr respectively. Calculate the partial pressures 
of benzene and toluene, the total vapour pressure of the solution, and 
the mole fraction of toluene in the vapour above the solution with 
0.60 mole fraction toluene. 

Solution. Poenzene=(0.40) (385 Torr)= 154.0 Torr 

Ptoluene = (0.60) (139 Torr)=83.4 Torr 


Total=237.4 Torr 
83.4 


Xtoluene vapour= 737.4 
=0.351. 

Problem 5.10. Through their gill systems, fish breathes the dissolved 
air present in water. Though the concentration of air in water is not 
great, show that the air which a fish breathes is richer in oxygen per- 
centagewise than ours. The partial pressure of oxygen in air is 0.20 
atm and that of nitrogen is 0.80 atm at 20°C. The Henry'slaw cons- 
tant for oxygen is 4.1 X 101 atm; for nitrogen it is 8.3 X 10* atm. 

Solution. The solubility of О» and Ns in water in terms of mole 
fraction, can be calculated as follows, 


Хо.=Роз/Коз,н.о 
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0.20 atm 
4.1 X 10* atm 


Xo.=4.9 x 107% 


Xo;— 


and 
Хм. = Рм. Kxo,u:o 
I 0.80 atm 
= 8.30 x 101 atm 
=9.6 x 1079. 
Thus, the dissolved air a fish breathes is thus $ oxygen, which is 
greater than the + oxygen present in the air we breathe. 

Problem 5.11. What is the composition ofthe vapour which is in 
equilibrium at 30°C with a benzene-toluene solution with a mole 
fraction of benzene of 0.400 with a mole fraction of benzene of 
0.600? 

Solution. P°penzene=119 torr 

P°to1wene=37.0 torr 
Poenzene=(0.400) (1.19 torr)=47.6 torr 
Ptoiwene=(0.600) (37.0 torr)—22.2 torr 
Pii —47.6 torr--22.2 torr—69.8 torr 

The composition of the vapour is determined by applying Dalton's 

law of partial pressures 

Poenzene 

Protal 

_ 41.6 torr 

= 769.8 torr 

=0.682 


Ntoluene vapour=1.00—0.682 
—0.318 
22.2 
69.8 
Similarly for the case of the solution in which the mole fraction of 
toluene is 0.400. 


Noenzene vapour— 


torr 


Nveanene vapour = 363 0:829 
14.8 
Notion vapour 55 8630111 


Problem 5.12. Nitro-benzene сап Бе distilled with steam under a 
pressure of one atmosphere at a temperature of 99.2°C. Calculate the 
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amount of steam necessary to distil 100 g of nitrobenzene. The vapour 
pressure of water at 99.2°C is 739 mm Hg. 

Solution. Weight of water=? 

Weight of nitro-benzene— 100 g 

Total pressure Piota1 —760 mm 

Px partial pressure of water at 99.2°С=739 mm 

P» partial pressure of nitro-benzenc at 99.2°С= 760—739 

=21 mm 

Ma molecular weight of water=18 g 

Мв molecular weight of nitrobenzene= 123g 
ИвР°.Мл 

Р°в.Мь 


Wa= 


100 х 739 X 18 


PEES 
Wa=515 g. 

The weight of steam required will be 515 g. 

Problem 5.13. The solubility at 20°C of potassium chlorate is 8 and 
of potassium chloride is 32 g/100 g НгО. What crystals would deposit 
first if solutions, initially at 100°C and containing 

(a) 0.1 mole potassium chloride, 0.1 mole potassium chlorate and 

100 g water. : 

(b) 35 g potassium chloride, 0.06 mole potassium chlorate and 100g 

water, were cooled to 20°C? 

Solution. 1 mole of potassium chloride weighs 74.5 g and 1 mole 


e weighs 122.5 g. Therefore, solution (a) contains 


potassium chlorat › 
7.45 g potassium chloride and 12.25 g potassium chlorate per 100g 


water, It is thus quite clear that the solubility of potassium chlorate 
is exceeded when the solution is cooled to 20°C, while that of potas- 
sium chloride is not. Hence the deposit will consist of potassium 
chlorate. 

Solution (b) contains 35 g potassium chloride and 122.5 x 0.06 ог 
7.35 Ж potassium chlorate per 100 g water. In this case the crystalline 
deposit will consist of potassium chloride, since its solubility has been 
exceeds on cooling. 

Problem 5.14. A solution is prepared from 10.6 g of a non-volatile, 
non-dissociating solute and 90.0 g of water. The vapour pressure of 
the solution at 60°C is 0.1867 atm. Use Raoult’s law to find the 
approximate molecular weight of the solute. The vapour pressure of 
water at 60°C is 0.1966 atm. 


Solution. Ро: Хн:оР°н:о 
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- 0.1867 ани==Хн.о(0.1966 atm) 
Хн.о=0.9496. 
The mole fraction of the solute in the solution, therefore, is 


X sotute= 1 — Xo 


=1—0.9496 
=0.0504 
Number of moles of water used in the preparation of the solution. 
whe 1 mol Н.О 
пн,о=90.0 = H:O е z НО ) 
= 5.00 mol НО 


The mole fraction of solute is equal to the number of moles of solute 
present divided by the total number of moles. 


Not 
Xs = solute 
solute Myo solute 


___Msolute 
0.0504 = Go n, rui 
Nyotute=0-265 mol. 


es 10.6 g solute 
1есиї sht of t lute= So а 
Molecular weight of the solute (026 = ше.) Х 1.00 mol solute 


=40.0 g. 

Problem 5.15. Vapour pressure of a pure liquid is 100 torr at 25°C 
while its vapour pressure from 95 mole per cent solution at the same 
temperature is only 90 torr. What is the activity of the liquid in the 
solution? What is the activity coefficient for it? 

Solution. In this case vapour pressures also represent the fugacities 
of the liquid in the pure and solution states, the activity can thus be 
calculated. Pure liquid state will be the standard state of the liquid. 


ў рал о очон 1905.4 
2 760 torr/atm 760 аш. 
5- 100 
I= т60 m 
vo QM шар 
5 а = = 769% 100 0? 
а = ЭХ where Xi— 95 0,95 
100; ~ 
Я odi 0:90. 5 
E N= yi 0.95 =0.95 


Problem 5.16. Two liquids A and B form an ideal solution at 
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50°C. A liquid mixture containing one mole of A and two moles of B 
to the mixture shows a vapour pressure of 250 torr. When one more 
mole of A is added to the mixture its vapour pressure increases to 
300 torr. Calculate the vapour pressures of the liquids A and B at 


50°С. 


Solution. Piyeture=XaP°at ХвР°в 
For the first solution: 
X4—0.33, Хв=0.66 
For the second solution 
Xs=0.50, Xs=0.50 
250=0.33P°a+0.66P°s 
300=0.50P°a+ 0.50Р°в 
On multiplying first equation by 3 and second by 2, we get 
P? A--2P?»—750 
P^j4 Р°в=600 
Р°в=150, P°a=450 torr. 


EXERCISES 


5.1. A solution is prepared by dissol.ing 15.6 в benzene, CoHe, in 500 g of 
carbon tetrachloride, CCli. The volume of the solution is 450 ml. Calculate 
(i) molarity, (ii) molality, (iii) the boiling point of the solution. 

[Ans. (i) 0.40 т, (її) 0.44 m, (iii) 2.01°C.] 
ulphuric acid, H3SO., gives its concentra- 
d the density of the solution is listed as 
to (i) molarity, (ii) molality. (i) mole 

[Ans. (i) 5.9 M, Gi) 8.0 m, (ii) 0.13.] 
f 5M HeSOs, are required to make (a) 1500 ml of a 0.002 
1 of 0.002 N H:SO;? 
[Ans. (а) 0.6 ml, (b) 0.3 ml.] 
5.4. Calculate the weight of solid NaOH required to prepare (a) 5 litres of a 2M 
solution, (5) 2 litres of a solution of pH 11.5, and (c) 500 ml of 62 per ceat 
W/W solution. The density of 62 per cent NaOH solution is 1.15 g/ml. 
[Ans. (а) 400 в NaOH, (b) 356 g.] 
5.5. Henry's law constant for nitrogen at 20°C is 5.75x 10°. How many grams 
nitrogen would dissolve in 100 в of water at 20°C, if the pressure of nitro- 
gen over the solution is 750 mm? [Ans. 2.02x 107? g.] 
5.6. The vapour of pure ethyleac dibromide, C2H,Bre, at 85°C is 170 mm Hg. 
Calculate the partial vapour pressure of ethylene dibromide above an ideal 
solution at 85*C with a mole fraction of ethylene dibromide of 0.250. 
[Ans. 42.5 mm Hg.] 
5.7. Using the Henry's law constant, calculate the solubility of carbon dioxide 
in water at 25°C at a partial pressure of CO: over the solution of 760 torr. 


5.2. The label on a bottle of aqueous s 
tion as 44.0 per cent by weight, ant 
1.31 g/ml. Convert the information 


fraction. 


5.3. How many litres o 
M Н,50: solution, and (b) 1500 m 
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5.8. 


5.9. 


5.10. 


5.11. 


5.12. 


5.13. 


5.14. 


5.15. 


5.16. 


5.17. 
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Assume that a litre of solution contains practically 1000 grams of water. 
Henry’s law constant for СО. is 1.25 х 10°. [Ans, 3.38 x 10-2 M.] 
If the vapour pressure of pure A is 234 mm Hg at 20°C, what would be 
the partial vapour pressure of 4 above an ideal solution at 20°C, if the 
mole fraction of A is equal to 0.250? * [Апз, 58.5 mm Не.] 
The vapour pressure of pure propylene dibromide, CsH,Bre, at 85°С is 130 
mm Hg. Assuming ideal behaviour calculate the partial vapour pressure of 
C3;H, Bra for the following solutions at 85°С, 
@ Xeon Br, 70-250 


©) Xe. y Br, 70-500 
9 Xc.g, gr, 0:750. 


[Ans. (а) 32.5 mm Hg, (b) 65.0 mm Hg, (c) 97.5 mm Hg.1 
Calculate the total vapour pressure of the following solution at 20°C, 


Xc.n, 70.750 
Xcg,c,g, 79250 
Assume ideal behaviour. [Ans, 60.8 mm Hg.] 


A solution consists of 2.80 moles of acetone, СНзСОСНь, and 8.20 moles 
of chloroform, CHCls. Calculate the mole fraction of acetone. 
- (Ans, 0.254.] 
A solution consists of 1.0 mole of ethyl bromide, CHsCH2Br, and 3.0 
moles of propyl bromide, CHsCH2CH2 Br. What is the mole fraction of 
ethyl bromide? [Апз. 0.250.]. 
A solution is made by mixing together 7.80 g of benzene, С,Н,, and 46.0 g 
of toluene, C;Hs. Calculate the mole fraction of benzene in the solution. 
Molecular weight of benzene is 78.0 and that of toluene 92.10. 
[Ans. 0.167.] 
Ethanol and methanol rorm nearly ideal solutions. The vapour pressure of 
ethanol is 44.5 torr, and that of methanol is 88.7 torr, at 20°. (a) Calculate 
the mole fraction of methanol and ethanol in a solution obtained by mix- 
ing 100 g of each. (5) Calculate the partial pressures and the total vapour 
pressure of the solution. (c) Calculate the mole fractioa of methanol in the 
vapour. 
[Ans. (а) Xo суң =0.410; Хсн.он 79-590; (b) PC, HOH 7 182. 
Рсн.он 732-3. Protay =70 5 torr; (с) 0.:41.] 


A mixture of benzene Pp enzens= 268 mm and ethylene chloride PC,H;Cl« 
—236 mm behaves ideally at 50°C What is the total vapour pressure of a 
liquid mixture containing equal weights of the two components? What is. 
the molar composition of the vapour? 
[Ans. Pio (417254 mm; mole fraction, benzene=0.591, 

| С.Н.С1.=0.409.] 
The vapour pressure of pure substances А and В are 110.0 апа 220.0 mm 
Hg respectively at 25°C. Calculate the mole fraction of each component in 
the vapour phase over an equimolar solution, if the solution is ideal. 

[Ans. A=} mole, B—$ moles] 
Ethyl acetate and ethyl propionate form nearly ideal solutions over the 


5.18. 


5.19. 


5.20. 


5.21. 


5.22. 


5.23. 


5.24. 


5.25. 


5.26. 
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entire range of compositions. At 20°C vapour pressure of ethyl acetate 15. 
72.8 mm Hg and of ethyl propionate is 27.7 mm Hg (a) Calculate the: 
vapour pressure of liquid mixture containing 25 g of ethyl acetate and 50 g. 
of ethyl propionate. (5) Calculate the mole fractions of each in the vapour 
phase. 


[Ans, (a) 44.2 mm Hg; (5) X. —0.604 


e 
thyl acetate 
Xethyl propionate =9-396.] 
Two pure liquids A and B have vapour pressures of 200 and 500 torr 
respectively at 300 К. Calculate the mole per cent of А and В in the liquid’ 


and vapour phases of a mixture C which has a vapour pressure of 350 torr.. 
[Ans. X,=0.286, Хв=0.714.] 


A solutions of liquids A and В containing 30 mole рег cent of Bis in 
equilibrium with the vapour containing 60 mole per cent of B. Calculate- 
the ratio of the vapour pressures of more and less volatile of the liquids A’ 
and В т the pure state. [Ans. 3.5.] 
The boiling point of the immiscible liquid system naphthalene-water is- 
98°C under a pressure of 733 mm. The vapour pressure of water at 98°C is- 
707 mm. Calculate the weight per cent of naphthalene in the distillate. 

Р [Ans. 20.7 рег cent.] 
А and B form a constant boiling solution at a maximum temperature at 
ХА=$. When a mixture of 1 mole of А and опе of В is fractionally dis- 
tilled, how much pure А is obtained? The boiling point of pure A is 110°C, 
of pure В is 150°C. Does A come off the top of the column or collect in: 
the pot? Р Е 
[Ans, $ mole pure A, 1} mole azeotrope. The А comes ой the top.] 
A liquid mixture contains substances A which boils at 300 K and sub-- 
stance В which boils at 500 К. No azeotrope is formed between A and В. 
At 200 K, is the vapour richer or poorer in B than the liquid? 

[Ans. poorer.]: 

At 100°C benzene has a vapour pressure of 1357 mm and toluene has а: 
vapour pressure of 558 mm. Assuming that these substances form ideal 
binary solutions with one another, calculate the composition of the- 
solution that will boil at 100°C and the vapour composition. 

[Ans. Xpenzene, liq 0253» Xpenzene, уар 0-451-1 


A mixture of chlorobenzene and water is distilled at an external pressure- 
of 740.2 mm. It is found to boil at a temperature of 90.3*C Calculate the- 
composition of the distillate. Given the vapour pressure of pure water at 
90.3°C is 530.1 mm. 

[Ans. C, H;Cl—40.14 per cent by weight, HxO=59.86 per cent by weight.] 
When aniline is steam distilled, the distillate is found to contain 27.1 per 
cent by weight of aniline. What is the ratio of the vapour pressures of^ 
aniline and water at the temperature of distillation? [Ans, 1 : 13.92.] 
A mixture of nitrobenzene and water distils at 98,2* at a pressure of 731.9 
mm and tbe weight ratio of nitrobenzene and water in the distillate is 
0.188. The vapour pressures of water and nitrobenzene at this temperature 
are 712.4 mm and 19.5 mm respectively. Calculate the molecular weight of^ 
the nitrobenzene. [Ans. 124 р mole-t.]: 
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5.27. The saturated vapour pressure of benzene and toluene are both given by 
the equation 
— 0.0: 
log (P/N) 2022234, p 
where Т is the thermodynamic temperature and A and B have the follow- 
ing values: е 


А В 
Вептепе 32295 К 9.7795 
Тошепе ^ 39128 К 10.4549 


Assuming that mixtures of benzene and toluene form ideal solutions. Cal- 
culate the molar percentage of benzene in (a) mixture which boils at 97°C 
under an external pressure of 1 atm and (5) the initial concentrate formed 
on distilling this mixture. 

(Hint. 1; atm—1.013X.0* Nm-*. Using the above equation calculate Pg 


and p? A for benzene and toluene respectively. The mole fraction of benzene 


in the vapour (in the initial condensate) formed on distilling the above 
condensate is equal to partial pressure of benzene divided by the total 
pressure i.e., 1.013x 165 Nm-?.) 

[Ans. (a) 0.210, (5) 0.346.] 
25.28. The saturated vapcur pressures at 50°C of ССІ, and SiCl, are 0.424 X105 
Nm-? and 0.£00x10* Nm respectively. Assuming ideal behaviour, cal- 
culate (a) the mole fraction of SiCl, in a mixture boiling at 50°C under an 
external pressure of 0.533 х 10° Мт-? and (b) the mole fraction of SiCl, in 

the inital condensate fcrmed on distilling this mixture. ` 
[Ans, (а) mole fraction of SiCl in liquid=0.29, (b) mole fraction of 
SiCl, in initial condensate—0 435.] 
:5.29. The vapour pressure of the system diethylaniline-water is 1.013 х 10° Nm-? 
at 99.4°C. The vapour pressure of water at this temperature is 0.992x 10° 
Nm-*. How many grams of steam are necessary to distil over 100 g of 
diethyl aniline? [Ans. 571 g.] 
5.30. The vapour pressures of bromobenzene and water at 95°С are 125 mm and 
635 mm respectively. A mixture of two liquids on being steam distilled at 
95°С gives a distillate consisting of 100 в of bromobenzene апа 58 g of 
water. Calculate the molecular weight of bromobenzene. [Ans, 157.5.] 


6 
COLLIGATIVE PROPERTIES 


INTRODUCTION 


At any temperature, there exists an equilibrium, when the escap- 
ing tendency of molecules in the liquid and vapour, is the same. On 
raising the temperature, the escaping tendency of liquid increases. 
More liquid will evaporate until the vapour pressure rises to the point 
at which the escaping tendency of vapour molecules back into the 
liquid is equal to the tendency of the liquid molecules to evaporate. 
This equilibrium pressure of vapour above a liquid is known as the 
equilibrium vapour pressure of the substance. In the pure liquid 
water, every molecule that approaches the surface has a certain chance 
of escaping into the vapour phase, depending on its kinetic energy. 
If a non-volatile solute, say, sugar is added, so that one molecule in 
ten is sugar and not water, then only 90 per cent of the molecules 
that formerly were potential escapes have a possibility of getting out 
of the liquid. The average escaping tendency of water molecules from 
a given amount of solution is reduced, but the rate of condensation 
is unaffected since no sugar molecules are present in the vapour. Thus 
condensation goes ahead of vaporization so more vapour condense. 
Thus the equilibrium vapour pressure of the sugar solution will be 90 
per cent of that of the original solution. This relative lowering of 
vapour pressure was studied by Raoult. If a non-volatile solute A is 
added to a pure solvent В and.let Xs and Хз be the respective mole 
fractions of solvent and solute respectively. If P° is the vapour pres- 
sure of the pure solvent and P is the vapour pressure of the solution. 


P= Р°Х, О) 
Since ХА is a positive quantity and is smaller than unity, therefore 
P is always less then P^. Hence whenever a nop-volatile solute is 
added to a solvent, the effect is the lowering of vapour pressure of the 
solvent 
ДР = P—P 
= P°—P°X, 


84 Problems in Physical Chemistry 


ДР = P*(1—X4) 
ХА--Хв = 1, 1— Хх = Хв 


P = Хв „эк (2): 


Hence the relative lowering of vapour pressure is equal to the mole 
fraction of the solute. The mole fraction of the solute, Хв 


Пв 
па йв 


where пв іѕ the number of moles of solute and Ил is the number of 
moles of solvent 


XB . (3) 


Wn Wa 

пв=— 2; ee (КЫН can (4 
Pagi 4 МИ (4) 
БЭМ WslMa _ (5) 
Р° WalMa + ві Мв nas 


Boiling Point Elevation 

Since the boiling point is defined as that temperature at which the 
vapour pressure equals the atmospheric pressure. Anything that 
lowers the vapour pressure of the solution will raise its boiling point. 
The boiling elevation in dilute solution, is found to be directly propor- 
tional to the solute concentration 


AT, = Kym. ... (6) 


AT, is the boiling point elevation. К, is the boiling point elevation 
constant, and m is the molality 


_ о Wa 1000 
AT; = KM 2 Wage ds 
1000 Ws : 
ог Мв= Кь. АТ, . Wa E us s (8) 
К, is defined as, 
RT, 
Кь = 1000 7, MC, 


where /, is the heat of vaporization per gram of solvent, T, is the 
boiling point of the pure solvent. 


Freezing Point Depression З 
This is the temperature at which the precipitation of the solid sol- 
vent begins. At this temperature, solid solvent and solution are in 
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equilibrium and consequently they must have the same vapour pres- 
sures. The freezing point depression AT; is given by 


AT, = K”. ... (10) 
Ку is known as the molal depression constant. It is also given by, 
RT,” 
К, = 10007; ... 00) 
J, is the latent heat of fusion per gram of solvent 
Ws 1000 
AT,— К Ma Wa (12) 
Ww 1000 
or Ms = К’. KT Wa v (18) 


Osmosis and Osmotic Pressure 
Abbe Nollet observed that when a solution of alcohol and water 
was separated by an animal bladder and placed in pure water, the 
water passed through the bladder into the alcohol solution, but the 
alcohol could not pass into the water. This passage of solvent through 
a membrane into a solution is known as osmosis. This passage 
of water into the alcohol solution results in an increase of pressure 
in the solution. This increase in pressure, which is addition to ‘the 
vapour pressure of the solution is known as the osmotic pressure and 
is denoted by x. If V is the volume of solution in litres containing 
one mole of solute and л» is the number of moles of Solute in V litres 
of solution, we get the relation. 
nV = п, ВТ. ... (14) 


where R is the gas constant and T is the temperature of the solution. 
Equation (14) can also be written as, 

п = CRT ... (15) 
where C=n,/V 
Osmotic pressure is also a colligative property as it depends only on 
the number of moles of solute and not on its chemical nature, at a 
given temperature. 


The van't Hoff's Factor 

When a solute dissolves in a solvent if there occurs, either partial 
association or dissociation, in such cases the use of the colligative 
property equations leads to erroneous results. This is because the 
colligative properties depend upon the number of solute particles 
present. On dissociation the solute particles may simply produce 
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smaller molecules or they may form ions. However, in either case the 
number of solute particles is increased, and this multiplication of 
particles will result in an increase in the colligative properties, than 
would otherwise have been the case. If association occurs, the number 
of solute particles is observed and the colligative properties will con- 
sequently be smaller than would have been expected if no association 
occurs. 

The van’t Hoff factor i may be defined as the ratio of the observed 
value of the colligative property for a solution to the value calculated 
from the molality of the solution, i.e., 


= GT). AT). > є; pao LG) 


where (AT;),, (ATy)o and (x), are the boiling point elevation, freez- 
ing point depression and osmotic pressure respectively of the non- 
electrolyte. The van't Hoff factor measures the increase in the colli- 
gative properties for electrolytes. Hence, this must mean that electro- 
lytes contribute more particles to the solution than do the non-elec- 
trolytes for the same molalities. 

Problem 6.1. Calculate the quantity of nitrogen (in g) dissolved by 
100 cm? of blood plasma when this is aerated at 311 K and 102.7 kPa. 
(Absorption coefficient of №, in plasma at 311 К = 0.012; air con- 
tains 78 per cent №, by volume.) 

Solution. The absorption coefficient of N, in plasma at 311 К = 
0.012 implies that 0.012 cm? (at STP) of N, dissolves in 1 cm? of 
plasma at 311 К and standard atmospheric pressure (i.e., 101.325 
kPa), therefore, 100 cm? of plasma at 311 K and 101.325 kPa will 
dissolve 1.2 cm? (at STP) of Ng. 

Partial pressure N, in air at 102.7 kPa = 78/100 x 102.7 kPa. 
According to Henry’s law, 5 = К.Р 
Sı _Рь 

S; P$ 

Solution of pure №, at 101.325 kPa 
Sı = 1.2 cm? №/100 cm? plasma 
P, — 101.325 kPa 


Solution of №, from air at 102.7 kPa 
S, = ? cm?/100 cm? plasma 
78 x 102.7 


Р, 100 КРА 


102  101.325x 100 


S; 1.027 x 78 


ог, 
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1.2 x 1.027 x 78 
7101.325x100 
=0.949 cm? of N,/100 cm? plasma. 

Since 24.414 cm? (at STP) ofN, has a mass of 28.0 g 

<. 0.949 cm? (at STP) of М, has a mass = aioe 

=1.186х 1078 g. 
Hence 100 cm? of blood plasma will dissolve 1.186 mg Na wher 
aerated under the above conditions. 

Problem 6.2. At 310 K the vapour pressure of glyeerol is negligible: 
compared with that of water. If the vapour pressure at 310 K above 
56 per cent glycerol solution in water was 4772 Pa, calculate, the 
activity of water in this solution. (Vapour pressure of water at 310 K 
is 6275 Pa). ] 

Solution. The vapour pressure above the glycerol solution at 310 K 
is virtually entirely due to water vapour. Vapour pressure of water 
above the solution, p—4772 Pa, vapour pressure of pure water at the 
same temperature p°=6275 Pa, 

Activity of water in the solution 

_ р _ 4772 _ 
= 5 6215 =0.76. 

Problem 6.3. A solution ‘contains 1.0 mole of ethyl bromide, 
CH,CH:Br, and 3.00 moles of propyl bromide, СНзСНзСНзВг. What 
is the mole fraction of ethyl bromide? 


Solution. 


= 


x ‚ = Перу] bromide 
ethyl bromide ии = 
propyl bromide '' "ethyl bromide 
E 1.00mole . . 
— 3.00 mole-4-1.00 mole 
_ 1.00 
~ 4.00 
=0.250. 1 
Problem 6.4. The vapour pressure of pure ethylene dibromide, 
C,HiBr; at 85°C is 170 mm Hg. Calculate the partial vapo ur press ure 
of ethylene bromide above an ideal solution at 85°C with a mole 
fraction of ethylene dibromide of 0.250. : 
Solution. Pc,u;gr, “P CHBr X Xcaunr, 
—(170 mm Hg) x (0.250) 
` =42.5 mm Hg. 
Problem 6.5. Calculate the mole fraction of benzene in the vapour 
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phase that is in equilibrium with the following solution at 20°C, 
assuming ideal behaviour, 
Xpenzene =0.500 
Хе toluene =0.500 
Protal =47.5 mm Hg at 20°C. 


Р 
Ро кы 
Solution. Xen. = са CcHe 


total 
„~ (0.500)(74.2 mm) 
(47.5 mm) 
70.781 
Problem 6.6. Caculate the osmotic pressure at {25°С of solution 

containing one gram of glucose (C4H1,0,) and one gram of sucrose 
(Ci;H;,O1,) in 1000 g of water. If it were not known that the solute 
was a mixture of glucose and sucrose, what would be the molecular 
weight of tne solute, corresponding to calculated molecular weight. 


п, 
Solution. n= 7. RT 


V 
where n: is the total number of moles, кен 
n= n 


gluccse Hsucrose 


"glucose у (molecular weight of C,H;,0,— 180) 


"crore 7 345 (molecular weight of Ci4H,,01:—342) 

E. do pub 

"—189 ^ 342 
=0.00848 mole 

V=1 litre. 

R=0.082 | atm K-! mole! 

T—298 K 

к= 200848 mole y 0$) 7 atm K-1 mole”! 


—0.2072 atm. 
n= = RT 
wW 


ГА 
== XRT. 
т y* 


W-— weight of solute— 2 р 
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M = molecular weight of the solute 
| 71—0.2072 atm 
R— 0.082 ] atm deg 1 mole! 
Т=298 К 


0.20722. x 0.082 x 298 


M=2 х 0.082 x 298 
> 10.2072 
M=235.87. 
Problem 6.7. A solution containing 4.0 g of polyvinyl chloride 
polymer in 1 litre of dioxane was found to have an osmotic pressure 
of 6.4х 1074 atm at 27°С. Calculate the approximate molecular 


weight of the polymer. 
Solution. Let М be the molecular weight of the polymer 
4.0 


nex 


M 


п RT. 


V—1 litre 
R—0.082 
T—2734-27—300 К 
71—6.4 x 107* 

40 RT 
M nV 


_ 4.0x 0.082x 300x 7 
~~ 64x 10x22 


M=1,538 X 105 
Problem 6.8. What is the concentration of a solution of canesugar 
which is isotonic with solution containing 6 g of urea per litre? Given 
that the molecular weight of cane-sugar is 342 and that of urea is 60. 
Solution. % sugar =Csugar AT 
Let W be the weight of sugar isotonic with urea. 
писа =Сшеа. RT 


Since the solutions are isotonic 


Tsugar —"urea 
RT=C rea, RT. 
W 6j 

342 60 


Ciugar. 
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6 
W= x342 


=34.2 g. 

Problem 6.9. An aqueous solution contains 75 g of glucose in 250 
ml of the solution at 300 K. What isthe osmotic pressure of the 
solution? : 

Solution. The molecular weight of glucose is CsH120¢ 


—6(12.0)--12(1.00)4-6(16.00) 


=180 

_ 75.0 g 
n= 180g mole 
71—0.417 mole 
==(+) ВТ 

_ 0.417 
R= 9950 * 0.082 x 300 
т=41 atm. 


Problem 6.10. An aqueous solution containing 5 р dm-? а soluble 
polysaccharide has an osmotic pressure of 3.24 kPa at 278 K. Assum- 
ing ideal behaviour, calculate the molecular weight of the polysac- 
charide. (R—8.314 JK! mol") 

Solution. Molecular weight, M of a polysaccharide 


_ ORT 
п 
where, 
71—3.24 kPa 
C=5 x 103 gm^? 
R=8.314 JK^! mol"! 
T—278 K 
: : 5.0 x 103) x 8.314 x 278 
| ht, м =Э0Х10°)х8.314х278 
Molecular weig 3.24 x 108 
`=3567 в molt, 


Problem 6.11. An aqueous solution containing 5 g іт? of a solu- 
ble polysaccharide has an osmotic pressure of 3.24 kPa at 278 K. 
Calculate the molecular weight of the polysaccharide, assuming the 
solution to behave ideally. 


Solution. naa RT 
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СЕТ 


M= 
n 


where, 
п=3.24 kPa 
—3.24 x 103 Nm? 
C—5x 103 gm 3 А 
R=8.314 JK^ mole? 
—8.314 Nm K= mole * 
T-278K 
М=? 
M= (5х 103) x 8.314 x 278 
3.24 x 108 
=3567 g mole 1. 
Problem 6.12. A 1.2 per cent solution of NaCl is isotonic with 7.2 
per cent solution of glucose. Calculate the van’t Hoff’s factor i of 


NaCl solution. Molecular weight of glucose is 180 and that Na=23 


and Cl=35.5. 
ene х 10.RT 


Solution. 180 
FNaCI = ы . RT 
Since the two solutions are isotonic we have, 
Tgtucose = *NaCl 
72x10 _ 12х10 
180 Monsa. 
Movsa.= 135105180 
x =30. 
Calculate molecular weight of NaCl=23 +35.5 
Mcac.=58.5 
Моьва. 
van’t Hoff’s factor i = Ma: 
X 
58.5 
=0.51. 


Problem 6.13. The vapour pressure of water at 20°C is 17.54 mm 
of mercury and the vapour pressure of a solution of 108.24 g of a 
compound in 1000 g of water at the same temperature is 17.354 mm 
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of mercury. Calculate the molecular weight of the substance. 

Solution. Let M, be the molecular weight of the substance 
P°=17.54 mm, P=17.354 mm 

Por 


p oh 
X; is the mole fraction of the solute, i.e., 
n n 
X= a 22 


пу is the number of moles of solvent and nz is the number of moles | 
of solute 


108.24 | 1000 
X UM l 18 
17.54—17.354 _108.24х18 
17.54 = М х1000 
| 
. 108.24 x18 х17.54 
M 0186х1000 183-73 & 


Problem 6.14. A solution contains 7.31 g urea in 50 g of water. | 
When air was bubbled through this solution and then successively | 
through water and concentrated sulphuric acid, the bulb containing 
pure water lost 0.087 g while a gain in weight of 2.036 g was noted 
for the sulphuric acid bulb. What is the weight of one mole of urea? 

Solution. Loss in weight « P4 

Loss in weight of water bulb « P^, —P 4 « 0.087 
Gain in weight of sulphuric acid bulb « Р° « 2.36 
Hence 


If M is the weight of one mole of urea, then 


Number of moles of water in solution = z =2.78 


х__73ИМ 


=: 7.31 
2.78 + m 


—0.043 


М= 58.9. 

Problem 6.15. A current of dry air is passed through a solution of 
26.66 g of a substance in 200 g of water and then through water 
alone. The loss of weight of solution is 1.949 g and that of water 
0.087 g. Calculate the molecular weight of dissolved substance. 
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Solution. R =R 
_ Wa [P 
Mal Mi 
LM. 
ИМ. 
И’. =26 66 g 
W,=200 
М1=18.00 
ра 1.949 


(р°—р) « 0.087 
p^ « (1.949 4- 0.087) 
0.087 26.66 X18 
0 


2.036 200% M; 
m, 26:66 182.036 
2= — 300 0.087 
M,=56.15. 


93 


| Problem 6.16. А solution containing 3.195 в sulphur in 100 8 
| carbon disulphide boils at 46.66°C. The boiling point of pure carbon 
| disulphide is 46.30 and A H,4,—6400 cal/mole. Calculate the mole- 


cular formula of sulphur in carbon disulphide. 
Solution. AT,=, m. 


and A T, is the elevation of boiling point. 
_ RTE Mi. 
Ано; K= 1000. AH, 
where 7» is the boiling point of pure so 
weight of the solvent 


tion constant 


_ 1.98 х319.3х 319.3 x 76__ 397 


| к= 1000 х 6400 
1, Wax 1000 
ATy- Ke М.х W, 
| ae 3.795 _, 1000 
(46.66—46.30)— 2.397 X Ms X 100 
м. 2397х 3.795 x 1000 
d. 100 x 0.36 


M,=252.7. 


where m is the molality of the solution, Ку is known as molal eleva- 


lvent їп К. М is the molecular 
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The molecular formula of sulphur would be 
Number of sulphur atoms = 32.00~ 8 


Hence the molecular formula of sulphur in carbon disulphide will 
be Ss. 

Problem 6.17. A solution of 0.450 g of urea in 22.50 g of water 
gave a boiling point elevation of 00.170°C. Calculate the molal 
elevation constant of water. The molecular weight of urea is 60.0. 


Solution. АТь=Кь т 

Кь== АТ 

т | 
nt 0.450 x 1000 | 

60 X 22.5 
ATo= 0.170°C 
0.170 x 60 x 22.5 

Ki 


0.450 x 1000 

= 0.51°C mole". 

Problem 6.18. A 0.1 M solution of KNO; has an osmotic pressure 
of 4.5 atm at 27°C. Calculate the apparent degree of dissociation of 
the salt in this solution. 

Solution. Tots=4.5 atm 

C=0.1 mole/litre 
Let the degree of dissociation is denoted by « and the number of 
dissociation fragments obtained from each undissociated molecule of 
the solute is x and C moles per litre is the total concentration of the 
solute in terms of undissociated molecules, 

Moles per litre before dissociation =C 

Moles per litre after dissociation =C(1—«)+Cxa 
=C{1+(x—1)a} moles/litre 


A colligative property j= CU De 


x=2 ions/molecule 
R=0.082 litre-atm/mole /deg 
Т=273+27=300 К 
c 4.5—0.1(14- (2—1)a)0.082 х 300 
4.5 


“= $1x0.082x300 | 
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pA 
T26 
a= 1.83—1 ` 


a= 0.83 or 83 percent. 

Problem 6.19. Propanone boils at 56.38°C, and a solution of 1.41 g 
of an organic solid X in 20 g of propanone boils at 56.88?C. If Ko 
for propanone is 16.7, calculate the weight of one mole of X. 

Solution. If 20 g of propanone contain 1.41 g of X, then 100 g of 
propanone would contain 


100705 of X 
Since А Ть= (шк 
7.05 
56.88— ag US 
56.88—56.38= 7951617 
105х167 
0.50 
M= 235. 


Problem 6.20. 250 g of water contain 0.1 mole of a non-volatile 
solute. Calculate the quantity of ice deposited when the solution is 
cooled to —3.72°C. Kr for water (100 g) is 18.6. 

Solution. When the freezing point of the solution reaches —3.72°C, 
let x g of water remain in the liquid state. Then at —3.72°C, x g of 
water dissolve 0.1 mole solute and 100 g of water would dissolve 


Чала ole solute (- a) 
x E M 
AT= 3.72= 01100 18.6 


0.1 x 100 18.6 __ 
Xo ВЕТ 50.8 


Since 250 g of water were initially present, the weight of ice deposited 


will be 200 g. 
Problem 6.21. А 0.100 molal aqueous solution of a partially disso- 


ciated substance AB, freezes at —0.208°С. Calculate the per cent 
dissociation. Ky for water is 1.86 K. 
Solution. If no dissociation takes place in 0.100 molal solution, the 
freezing point depression would be 
АТ= Куп 
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AT=(1.86 deg/molal)(0.100 mola!) 
AT=0.186 deg. 

Let x be the total concentration of particles in solution, then 
AT=(1.86)(x)=0.208 


If AB dissociates as follows: 
АВ = At+B 

(0.100—») У y 
The total concentration of particles is 

(0.100—y)--y+y=0.112 

y=0.012 
This is the concentration of А+ and В” and the molality of АВ 

molecules dissociated. 


a eat 0.012 
Per cent dissociation = 0100212 per cent. 


Problem 6.22. How many grams of glucose do you need to con- 
sume (a) to climb a flight stairs rising through 3 m, (b) to climb a 
mountain of altitude 3000 m? The heat of combustion of glucose is 
— 2808 kJ mol". Assume that 25 per cent of the enthalpy can be con- 
verted to useful work and the weight of your body to be 63 kg. 
(Molecular weight of glucose is 180.2 g mol!) 

Solution. (а) Since W=mgh 
where m=63kg g=9.8ms* h=3 m 

W-=(63 kg) x (9.8 ms?) x (3 m) 


W=1852J 
W=1.852 kJ 
F _ _ 2808 kJ 
The heat of combustion for 1 g of glucose = 1355 g mol z m 
—15.58 kJ 2-1. 


At 25 per cent efficiency AH; = BS =3.90 kJ mol 


Thus we see that for 1.85 kJ the required consumption is, 
(1.85 kJ)/(3.90 kJ g4)=0.47 g 
(b) W=(63 kgY(9.8 ms ?) (3000 m) —18.52 kJ - 
the required consumption of glucose is 0.47 х 1000 —0.47 kg. 
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Problem 6.23. The freezing point of pure benzene is 5.40°C and 
that of a solution containing 2.0 g of solute per 100 g benzene is 
4.40°С. Calulate the molecular weight of the solute. Molal depression 
constant for benzene is 5°С. 

Solution. AT; = Ку. т 
AT; is the depression in freezing point Ку is molal depression cons- 
tant, m is the molality of the solution 


— py W.x1000 
AD = E OW, 
‚ _ KxXWQx1000 
M: AT,. W, 
5.00 x 2.00 x 1000 
MS 1.00 x 100 
М» = 100. 


Problem 6.24. Calculate the osmotic pressure at 303 K of an aqueous 
solution of sucrose which at standard atmospheric pressure has a 
freezing point 0.093 К lower than water. (Molal depression- constant 
of water=1.86 K.) 

Solution. The molecular weight M р of the solute is given by the 
expression 

1000/7 
АТ ХИ 
10007» 
A 
In dilute aqueous solutions C' is approximately equal to 107° C where 
C is ihe concentration in #3, 


M gy Kr X 


where C' — g solute/1000 g solvent. 


dE GE 
MORE 

... Kr (10C) 
id AT 


According to the van’t Hoff osmotic equation, M р = CRT/x 
K,(109C САТ 
АУ R 
_ 108 ATX RT 
Е cnm 
AT, = 0.093 К 
К = 8.314 Nm K *mole^* 
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T = 303K 

Ку == 1.86 К 

= 10° x 0.093 х 8.314 x 303 y = 
1.86 

т = 1.26x105 Nm? 

п = 126 kPa. 


Problem 6.25. If the depression of freezing point of 0.01 mole 
dm'? aqueous solution of propionic acid at standard atmospheric 
pressure is —0.0193 К. Calculate an approximate value for the joni- 
zation constant of propionic acid in this solution at approximately 
273 K. 

Solution. The van’t Hoff’s factor for this solution of propionic acid 
is given by 

ATr 
(АТ), 
where AT; = observed depression of freezing point. 
(АТ) = Calculated depression of freezing point of the non- 
electrolyte. 


ic 


=r ooe Р" 
The degree or ionization of propionic acid « = 1. 
where i= 1.037 
? п=2 
1.037—1. _ 

= = 0.037 
Tonization constant, К = ac 

= (0.037)? x 0.01 

|»... 1—0.037 
К = 1.421075. 


Problem 6.26. A 0.100 m acetic acid solution is found to have an 
osmotic pressure of 2. 479 atm at 25°C. What is the per cent dissocia- 
tion of acetic acid at this temperature and concentration? 


Solution. п = imRT 
T 


or Pet ИВР 
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Rue 2.479 
(0.100) (0.0821) (298.2) 
i= 1.013. р 
If acetic acid were completely dissociated, i would equal 2. If acetic 
acid were undissociated, i would equal 1. Since 1.013 is 1.3 per cent 
of the way between 1 and 2, the acid is 1.3 per cent undissociated. 
Problem 6.27. A satellite is orbiting where the acceleration of gravity 
has decreased to 5 m/s?. What is weight in orbit of an astronaut 
whose weight at sea level is 900 newtons? 
Fg _900N x 1 kgm/Ns? 


Solution. The mass of the astronaut is, m = z 9.8067 
m = 91.77 kg. 
In orbit the force exerted by the pull of gravity on the 91.77 kg mass 
is — тя’ — 91.77 5 m/s? 
g 1 kg m/Ns? 
Е = 458.9 М. 


Problem 6,28. Phenol partially associates into double molecules 
when dissolved in water. In a solution of 1.880 g of phenol in 100.0 g 
of water freezes at —0.210°C, calculate the degree of association of 
phenol molecules at the freezing point of the solution. Ky for 


water is 1.86°C. 
Solution. Phenol associates according to the reaction, 


2C,HsOH = (C4 HsOH)s 
l~a a/2 
Total solute moles in solution per mole of phenol 


= ]—a + =! = 5 


ү 1.880 
Moles of phenol actually added to the solution = ode 


1.880 
Final moles of solute in 100 g of water = к ( -3) 


a 
1.88 (1-5) 


ATf= 1000 x 1.86 x — 94 x 100 - 


18.6 x 1.81 a 
0.210 = 34 — X ( 172 T) 
a 
9 = 0.435 
a = 0.87 or 87 per cent. 


100 
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What of the following observations illustrate colligative properties? 

(a) The blue colour of 1.0 CuSO; solution is more intense than that of 
0.24 M CuSO.. 

(b) Pure benzene boils 20*C lower than pure water at 1.00 atm. 

(c) Saturated salt water boils at higher temperature than pure water at 
760 torr. . 

(4) The taste of 1.0M NaCl is quite different from that of 1.0 M glucose. 

(e) The osmotic pressure of 1.0M NaCl is nearly twice that of 1.0M 
glucose at the same temperature. [Ans. (а), (с) and (е).] 

Indicate observations illustrating colligating properties. i 

(a) Pure benzoic acid begins to freeze at 122°C, while pure water begins to 
freeze at 0°С. 

(b) A saturated aqueous solution of benzoic acid begins to freeze below 
orc. 

(c) A saturated aqueous benzoic acid tastes sour, while a saturated sodium 
benzoate solution tastes somewhat salty. 

(d) 0.010 M sodium benzoate solution has an osmotic pressure nearly twice 
that of 0.010 M benzoic acid solution. [Апз. (b) and (d).] 

Fill in the blanks: 

(a) Two moles of sugar are added to 500 g of water solvent. The molality 
of the resulting solution is————. 

(b) A solution contains 3 moles of solute and 12 moles of solvent. What is 
the mole fraction of the solvent? 

(c) In a solution of benzene and toluene if toluene accounts for a mole 
fraction of 0.6, what is the benzene mole fraction? 

(d) A sugar water solution of 7.0 m would increase the boiling point by 

(e) The freezing point change for a 2.5 m solution ofsugar would be 

(f) The molality of a sugar water Solution that freezes at —3.50?C is 


[Aus. (a) 4.0 m, (Б) 0.8, (с) 0.4, (d) 3.57°C, (e) —4.65°C, (f) 1.88 m.] 
A solution containing 58 g of acetone (CH4COCH»), 69 g of ethyl alcohol 
(С.Н.ОН) and 63 в of H:O, what is mole fraction of water in this 


mixture? [Ans. 0.58.1 
Calculate the vapour pressure of an aqueous 1.00 m glucose solution at 
100°C. [Ans. 746 mm Hg.] 
What is the vapour pressure of an aqueous solution of 30.0 g of urea, 


(NH2); CO, dissolved in 200 g of water at 25°C? The vapour pressure of 
pure НгО at 25°C is 23.8 torr. [Aas, 22.8 torr.] 
Calculate the vapour pressure lowering of a solution containing !00 g of 


sucrose (Ci2H25011) in 500 g of water at 25°C is 23.76 mm of Hg. 
(Ans. 0.24 mm Hg.] 


The vapour pressure of water at 20°C is 17.54 mm of mercury and the 
vapour pressure of a solution of 108.24 g of a compound in 1000 g of water 
at the same temperature is 17.354 mm of mercury. Calculate the molecular 
weight of the compound. [Ans. 181.7.1 
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6.9. At a certain temperature the vapour pressure of water is 92 mm of Hg. 
The vapour pressure of water is reduced to 87 mm on dissolving 18.2 5 
of a solute in 100 g of water. Calculate the molecular weight of the solute. 

[Ans. 56.87.] 

6.10. At 0°C the vapour pressure of pure water is 4.85 mm of Hg and that of 
solution containing 8.8 & of solute per 100 g of water is 4.85 mm of Hg. 
Calculate the molecular weight of the substance. [Ans. 345.46.] 

6.11. A solution of 11.346 g of turpentine in 100 g of ether (mol. wt. 74) has a 
vapour pressure of 360.1 mm. Calculate the molecular weight of tur- 
pentine. Vapour pressure of pure ether at the Same temperature is 383 mm 

Не. [Ans. 140.5.] 
6.12. 18.2 в of urea dissolved in 100 = of water at 509C causes lowering of 
vapour pressure equal to 5 mm Hg. The vapour pressure of water at 
50°C is 92 mm Hg. Calculate the molecular weight of urea, — [Àns. 60.28.] 
6.13. A solution containing 9.81 g of a substance X in 100g of water has a 
vapour pressure of 755.2 mm at 100°C, What is the molecular weight of 

the solute? [Ans. 277.7.] 
6.14. In Walker-Ostwald experiment, air was drawn through a solution of 57.0 g 
of solute in 150.0 g of water and then through water. The loss in weight 

of water was 0.0827 g and the weight of water absorbed in sulphuric 


acid tube was 3.3176 g. Calculate the molecular weight of the solute. 
[Апз. 280.7.] 


6.15. A current of dry air is passed through a solution of 26.66 g of a substance 


in 200g of water and then through water alone. The loss of weight of 


solution is 1.949 g and that of water is 0.087 g. Calculate the molecular 
[Ans. 56.16.] 


weight of the solute. 


6.16. A solution was prepared by dissolving 10g of a substance in 200 g of 


benzene. When a stream of air was passed through the solution lost its 
weight by 2.66 в. When the same volume of air was passed through pure 
benzene at the same temperature, the loss in weight was 2.80 g. What is the 
molecular weight of the dissolved substance? [Ans. 47.15.] 
6.17. The vapour pressure of carbon tetrachloride at 19?C is 85.513 mm Hg. 
The vapour pressure above a solution containing 0.5455 g of a substance 
in 25 g of carbon tetrachloride at the same temperature is 83.923 mm Hg. 
Calculate the molecular weight of this substance and determine its empiri- 
cal formula, if the results of elementary analysis are as follows: C=94.30 
per cent, H=5.66 per cent. [Ans. 177.1.] 
6.18. Calculate the osmotic pressure of a solution of cane-sugar containing 100 g 
per litre at 30°C. [Ans. 7.26 atm.] 
6.19. 2.00 g of sugar having molecular weight of 342 is dissolved in 50 ml of 
solution at 25°C. What will be the osmotic pressure? [Ans. 2.86 atm.] 
6.20. Calculate the osmotic pressure in millimetres of mercury at 15?C of 1.4 
per cent solution of naphthalene, СН», in benzene. [Ans. 1960 mm.] 
6.21. A solution containing 0.312 per cent of a substance gives an osmotic pres- 
sure of 1.27 atmospheres at 25°C. Calculate the molecular weight of the 
substance. [Ans. 60.02.] 
6.22. A solution containing 20 g of a substance in a litre of water has an osmotic 
pressure of 3 atmospheres at 27°C, Calculate the molecular weight of the 


substance. [Ans. 160.] 
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6.23. A solution of an unknown sugar gave an osmotic pressure of 2.39 atm 
at 27°C. The concentration of the given solution was 18 g per litre. Cal- 
culate the molecular weight of sugar. [Апз. 181.8.] 
6.24. 7.2 g of a substance dissolved in 100 g of water gave rise to an osmotic 
pressure of 9.65 atm at 22°C. Calculate the molecular weight of the sub- 
stance. [Апз. 180.0.] 
6.25. The vapour pressure of water under 10 atm pressure is increased from 30 
to 31 mm Hg at 25°C. How much NaCl would be added to 55.5 moles of 
water at 25°C so that the vapour pressure of the solution under 10 atm 
pressure would be 30 mm Hg? Calculate the osmotic pressure of this 
solution. Assume NaCl to form an ideal solution. [Ans. 0.88 mole.] 
6.26. Solution of NaCl of concentration т has an osmotic pressure of 2.0 atm 
at 25°C. Calculate A, G«ss for the process Н.О (solution, 25°C) = н.о 
(Роге, 25°C). [Ans. 36 с.с. atm.] 
6.27. A membrane permeable only to water, separates a 0.01 М solution of 
sucrose from 0.001 M.-On which solution must pressure be applied to bring 
the system into equilibrium? Calculate this osmotic pressure assuming ideal 
solutions at 25°C. 
[Ans. A differential pressure of 0.225 atm would have to be applied to 
more concentrated solution.] 
6.28. The osmotic pressure of blood is 7 atm at 30°С. What is the molarity of 
the solution, if the ifactor for sodium choride is 1.9? [Апз. 0.148 m.] 
6.29. What minimum pressure must be applied to a 0.20 M aqueous sodium 
chloride solution enclosed by a semi-permeable membrane at 27°C in order 
to initiate the reverse osmosis? 
[Ans. Reverse osmosis would require 9.8 atm.] 
6.30. A protein isolated from blood serum sample. was found on careful analysis 
to contain 0.285 per cent iron. A colloidal dispersion of 685 mg of the 
protein in sufficient water to form 10.00 ml of solution was found to have 
an osmotic pressure of 0.21 atm at 4°С. What is the apparent molecular 
weight of protein to three significant figures? [Ans. 7.8 х 10*.] 
6.31. A colloidal dispersion of 12.3 g of а polystyrene plastic in 100 ml of 
toluene was found to have an osmotic pressure of 0.032 atm at 20°C. What 
is the apparent formula weight of polystyrene? [Ans, ~92.000.] 
6.32. The osmotic pressure of a solution of 1.80 g of serum albumin in 100 g of 
water at 25°C is 76.7 mm of water. Calculate (a) the molecular weight of. 
the solute and (b) the freezing point of the solution. 
[Ans. (а) 59,000, (b) —0.006^C-] 
6.33. If a solution containing 6.06 g of triphenyl methane, (С.Н,)СН, in 
1000 g of benzene is cooled to 0.221°C below the freezing point of pure 
beazene (а) how much solvent will crystallize out, and (Б) what will be the 
molality of the residual solution? [Ans. (а) 434 в, (b) 0.0438.] 
6.34. Ten grams of glucose, dissolved in 400 g of ethanol elevated the boiling 
point of the latter by 0.1428°C, 2 g of an organic substance dissolved in 
100 g of ethanol, elevated the boiling point 0.1250*C. What is the molecular 
weight of the unkaown substance in this solution? [Àns. 164.601 
The neat of vaporization of ethanol is 38,580 J. mole? and its boiling point 


is 351.7 K. Determine the boiling point elevation constant for ethanol- 
[Ans. 26.7 per K8- 
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A solution containing 0.3 g of camphor (СлоНив О) in 25.2 g of chloroform 
boils at 61.3°С. Boiling point of chloroform is 60°C. Calculate AH and ks 
of chloroform. [Ans. 8747 cal-mole !, 3.83°C mole ?.] 
A solution containing 0.7269 g of camphor (mol. wt.—152) in 38.08 g of 
acetone (of boiling point 56.30), boiled at 56.55°C. What is the molal 
elevation of boiling point and latent heat of vaporization of acetone. 

[Ans. Кь=1.99. 1,—108.2 cal. g 1.] 
A solution of 3.795 g sulphur in 100g carbon disulphide (boiling point . 
=46.3°C, A Нузр=6400 cal mole"), boils at 46.66°С. What is the mole- 
cular formula of sulphur molecule in the CS: solution? [Ans. Ss.] 
The boiling point of pure acetone is 56.4°C. A solution of 0.70 g of a 
compound in 10g of acetone boiled at 56.9°C. What is the molecular 


weight of the compound? Ks for acetone is 1.67°C for 1000 g. 


[Апз. 236.1.] 
The boiling point of chloroform was raised by 0.323°C when 1.0286 g of a 
substance was dissolved in 70 g of it. Calculate the molecular weight of the 
substance. K; for chloroform is 3.9. [Ans. 177 5.] 
Calculate the initial boiling points of the following solutions: 

(a) 1.5 m glucose in ethanol. 


(b) 1.5 m KNO: in water. 
(c) 1.5 m KsS0, in water. [Aus. 80.3°С, 101.6°C, 102.3°С.] 


A solution containing 15gof anunknown substance in 100 g of water has a 
boiling point of 100.255°С. What is the molecular weight of the unknown? 

[Ans. 300.] 
Calculate the Кь for diethyl ether; С.Н,оО, given the following data. 
Boiling point of pure diethyl ether is 34.6 C. A solution of 6.80 g of 
benzoic acid, C,H;COOH, in 20.0 g of diethyl ether boils at 40.6°C. 

[Ans, 2.2°.] 
nt Къ for CCl: is 5.02 deg/mole. The boiling 
point of pure CCl: is 76.8°С. Calculate the boiling point of a 1.00 molal 
solution of naphthalene CioHs in ССИ. [Ans, 102.1°С.] 
2.441 g of benzoic acid of 250 g of benzene lowers its melting point by 
0.2048°С. What is the molecular formula of benzoic acid in this solvent? 
Ky of benzene is 5.12. [Ans. (C:H.COOB),.] 
A solution containing 6.00 = of an unknown non-disscciating solute in 
100 g of benzene is found to freeze at 276.28 К With the same apparatus 
pure benzene is found to freeze at 278.66 K. What is the molecular weight 
of the solute? : [Ans 28.0. 
The heat of fusion of cyclohexane is 2610 J. mole}, its freezing point is 
279.1 К. Determine the freezing point depression constant for cyclohexane. 

[Ans. 20.5.] 


as ground with 462 mg of 


The molal elevation consta 


A 21.6 mg sample of an organic compound wi 
camphor to form an intimate homogeneous mixture. A sample of the 
s found to melt over the range 169.2—171.4°С. What is the 
f the compound? [Ans. 220.] 
a saturated aqucous solution cf 


mixture wa 
apparent molecular formula weight о! 
Estimate the initial freezing point of 
sodium chloride, assuming saturation at 0°C. (Solubility of NaCl at 0°C is 
35.7 в per 100 ml, Кь for water is—1.86). [Ans. 22.7°С.] 
The latent heat of fusion of benzene is 30.25, 0.0802 g of a substance when 
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dissolved in 13.03 g of benzene lowers the freezing point by 0.490°C. If 
pure benzene freezes at 5.4°C, calculate the molecular weight of the sub- 
stance: [Ans, 64 36.] 
Calculate the freezing point of a solution made by dissolving 42.0 g of 
mannoheptose, С; Н,:О; in 100 g of water. Ку for water is 1.86°C. 
[Ans. —3.72°С.] 
Calculate the value of Ку for urethane given the following data. Freezing 
point of pure urethane is 49.7°С. A solution made by dissolving 10.0 в of a 
non-volatile organic solute, Z, in 30.0g of urethane freezes at 36.5°C. 
Molecular weight of Z is 130. [Ans. 5.16°С.] 
А solution made by dissolving 45.0 g of arabinose in 500 e of water freezes 
at —1.13?C. Calculate the molecular weight of arabinose. 
[Ans. 148 g/mole.] 
A solution made by dissolving 90.0 g of glucose in 1000 g of water freezes 
at —0.93°C. Calculate the molality of this solution. [Ans. 0.50.] 
Assume 100 per cent dissociation of solutes, what would be the freezing 
point depression for an aqueous solution that is 0.1 m in NaCl and 0.1 m 
in CaCl? Ку=1.86 Ки 1 for water. [Апз. 0.5, 0.93°С.] 
А newly synthesized organic compound was analysed for carbon and hydro- 
gen and was found to contain 63.2 per.cent by weight, 8.8 per cent hydro- 
gen and the remainder oxygen. A solution of 0.0702 g of the compound in 
0.804 g of camphor is found to freeze 15.3°C lower than the freezing of 
pure camphor. What are the molecular weight and formula of new com- 
pound? [Ans. C12H2004.] 
А solution of 2.58 в phenol in 100 g bromoform freezes at a temperature 
2.374°С lower than does pure bromoform. What is the apparent molecular 
weight of phenol at this concentration? [Ans, 157.] 


Т, 


SOLID STATE 


INTRODUCTION 


A crystalline solid is characterised by three criteria: 
(i) A definite melting point. 
(ii) A definite heat of fusion. 

(iii) A definite crystal lattice. 

The regular geometric pattern of the units making up a crystalline 
solid is called a crystal lattice. A lattice is a regular, three-dimensional 
arrangement of equivalent points in space. 

There are seven crystal systems to describe the possible shapes of 
unit cells. All crystals are classified in terms of simple or complex uni« 
cells derived from one of these types. 


Tetragonal Orthorhombic E Hexagonal 


Rhombohedral Monoctinic Triclinlc 


Fig. 7.1 


The Seven Crystal Systems 

X-ray diffraction is the method applied to determine the. structure 
‘of solids. The actual arrangement of atoms, molecules or ions сап be 
described in terms of space lattices, ordered arrays of particles dif- 
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fract X-rays in a regular manner. In doing so the X-rays appear аз 
though they have been reflected from the surface of the layers. In 
some cases the X-ray beam is reinforced and is detected at a specific 
angle of deflection where the intensity of the beam is at a maximum. 
Bragg found that reinforcement is dependent upon the wavelength of 
the X-rays, A, the distance between the layers d, and the angle of inci- 
dence, 0, as 
пА = 2d sin 0 

cay г. МА 

~~ 2sin8 
As 8 increases, sin @ increases and vice versa. If a given set of planes 
of the crystals with a spacing equal to d is considered, it is seen thata 
А, 2А, ЗА 


>; and 


scattered beam will be detected i кесэ 7 
е detected when sin 0 2d 54’ 24 


so forth. 


Packing of Atoms and Spherical Molecules 
There are several ways in which a number of spheres of equal size 


++ ++ өөөө 


Fig. 7.2. Several ways of packing spheres. 
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can be packed in layers. Fig. 7.2 shows several ways of packing spheres. 

The number of closest neighbours of a given sphere is called its co- 
ordination number. In both hexagonal closed packed (hep) and cubic 
closed packed (ccp) lattices each sphere has 12 neighbouring spheres 
which it touches directly, 6 in the same plane, 3 in the plane, above 
and 3 in the plane below. Hence both closest packed structures have 
atoms characterised by coordination numbers of 12. The body cen- 
tred cubic arrangement is less.compact, the characteristic coordination 
number is 8. Many substances whose atoms or molecules are essen- 
tially spherical or whose molecules rotate freely in the lattice producing 
pseudospherical symmetry, crystallize is one or more ofthese lattice 


types. 


Radius Ratio 
The dimensions of the octahedral and tetrahedral sites in closest 


packed structures are determined by the sizes of the atoms occupying 
Jattice points, Figure 7.3 shows the cross section of an octahedral 


site. Let r, be the radius of the spheres 

at the lattice points and rs is the 

radius of the largest possible smaller 

sphere occupying the octahedral site. A 


The radius ratio, rod may be deter- 
mined using Pythogorean theorem АА 


rire)? = Qn? 
г = y2. r 
m= 0.414 
Xue УМ Fig. 7.3 


n 
(iy When the radius ratio is greater than 0.732 a coordination 
number of 8 is usually observed. 
(i) When the radius ratio is greater than 0.414 but less than 0.732, 
a coordination number of 6 is usually 
(їй) When the radius ratio is greater t 
a coordination number of 4 is observed. 


observed. 
han 0.225 but less than 0.414 


Lattice Energy 7 
It is defined as the energy chan 


of a crystal are brought from infinite 
positions in the crystal. A more comp! 
energy is given on next page- 


ge observed when the constituents 
ly far apart of their equilibrium 
lete expression for the lattice 
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U, 


212.№4е? ( 1 1 ) 

Го ` п 
where U, is the lattice energy, A is Madelung constant, N is Avoga- 
dro’s number, и’ is a constant called the Born exponent which can be 
obtained experimentally, Z, and Z, are the magnitudes of charges on 
the cation and anion respectively, r, is the equilibrium distance. 

The lattice energy of a crystal can be determined using Born-Haber 
cycle. This is because the steps may bé shown graphically as a cyclic 
process. 

Any one of the following constants for a crystal may be calculated 
provided the type of crystal lattice and all other constants are known. 

(i) dimensions of the unit cell 

(ii) density 

(iii) atomic weight 

(iv) Avogadro's number 

Problem 7.1. The density of solid argon is 1.65 g per ml at—233°C. 
If the argon atom is assumed to be a sphere of radius 1.54x 10-8 cm 


(=ч) та percentage of solid argon is apparently empty 
space? 
Solution. Number of atoms of y in 1.65 g 


= 23 
=H x 602x 10? 


=2.48 X 10”? atoms 
Volume of one atom of argon =$ п (1.54 x 1078)8 


=1.53 х 107?3 cm? 


Volume of 1.65 g of atoms =(1.53 x 107?3)(2.48 х 10°? atoms) 
=0.379 cm? 

Volume of 1.65 g of solid =1.00 cm? 

per cent empty space =(1.00—0.379) x 100 


=62.1 per cent. 

Problem 7.2. Vanadium metal has a body centred cubic structure 
and the length of the unit cell is 3.04А. (i) Calculate the volume of 
the unit cell in cubic centimetres (ii) If vanadium has a density of 
5.96 g/cm, calculate the mass of one unit cell. (ii) How many 
vanadium atoms are in each unit cell of the element? 

Solution..(/) Volume of vanadium = (3.04А)—28.1Аз/ипі cell 

Since ІА = 1073 cm 
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Thus 
Volume — 25:14? x 10-24 ст? 
i unit cell ‚ А 
=2.81 x 10723 cm? 
(ii) Mass of one unit cell 5.96 g x2.81X I0 ** cm? 
cm? unit cell 


—].67 x 10-2? g/unit cell 
(iii) Number of vanadium atoms per unit cell 1/8 (8 atoms at 
corners)—1 atom 


1 atoms _ 
2 atoms 


Number of vanadium atoms per unit cell= > 
Problem 7.3. Determine the number of formula units of NaCi in 


the cell. NaCl is face centred cubic. 
Solution. In the face centred cubic cell, there are at the eight сог-- 


ners 8x &=СГ ion 


at the six faces 6x 4=3 СГ ions 
along the 12 edges 12x 1—3 Na* ions 
at the cube centre —] Na* ion 


Total 4 СГапа 4 Nations. 

Hence the unit cell contains four NaCl units. 

Problem 7.4. Calculate the lattice energy of cesium iodide which 
crystallizes with the cesium chloride structure and has an interionic 
distance of 3.95 À. The Born exponent for CsI is 12. 

Solution. Madelung constant for CsI=1.76 

2 
Lattice energy, ye Be 1-7; 


j= —1.0х 1.0х 6.02 x 1023 x 1.76 х (4.8 x 10710)? 


3.95x 10° 
1 
x(1- 2) 


o= — 5.65 X 101° ergs mole * 


Uo= —135.0 К. cal. mole !. yy 
tal of barium with X-radiation 


at 27°8'. What is the 


or 
Problem 7.5. The diffraction of crys 


of wavelength 2.29 A gives a first order reflection 
distance between the diffracted planes? 


Solution. Bragg's equation is 
пА=24 sin 0 


n=l, A=2.29 A, d=? 0==27°. 
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On substitution, 1 x 2.29 A=2d sin 27°3' 
1 x 2.29=2d (0.456) 
d=2.51 A. 


Problem. 7.6. Nickel crystallizes in a face centred cubic crystal; the 
edge of the unit cell is 3.52À. The atomic weight of nickel is 58.7, 
and its density is 8.94 g/cm?. Calculate Avogadro's number. 

Solution. There are four nickel atoms in each unit cell. Let № be 
Avogadro’s number, the weight of one atom is (58.7/N) р. The weight 
of unit cell is 4 (58.7/.V) з. The value of one unit cell is (3.52 x 1075)? 
cm?. The density of nickel is 

4 (58.7)/N 
` (3.52 x 10-8)3 

> N=6.02 х 1023. 

Problem 7.7. Calculate the atomic volume of an element whose 
atoms have a radius 1.414 А when the atoms are in cubic closest 


packed structure. What is the length of an edge of the unit cell? 
Solution. Diagonal of cube face — 4x radius of atom length of the 


=8.94g cm? 


1 : 
cell edge = 79 < diagonal of cube face 


m de ; 
EFT, E radius of atom 


Ed 

= 75 X4* 1.414 А 
=4.0 А. 

There are four atoms per unit cell in 


a face centred cubic atomic volume. 


P Fig. 7.4. Cubic cl 
Atomic volume osest packed 


(face centred) Structure. 
= (4.0 Aj x Lunit cell x 6.02 Х 103 atoms 
1 unit cell 4 atoms 1 mole 


1x 10-8 ст\з 
x| — 
сш 
=9.6 cm?/mole. 
Problem 7.8. Compute the limiting radius ratio, r+/r_, for (а) a 
square planar crystal structure in which В-іопѕ are at the corners of 


the square and Ations at the centre, and (5) an equilateral triangular 
crystal structure with B^at the apices and Atat the centre. 
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Solution. (a) Length of unit cell edge=2r_ 
Length of diagonal 
—2r,.4-2r. 
= 4/2 x length of 
unit cell edge. 
2r} +2r-=2y 2r_ 


2r4=vy 2r .—r- 
—r (2-1) 
—r.(1.414—1) 
=0.414r_ 

7+ 0.414. 

С „Фе 


(b) Sum of angles in a triangle=1 80° 
Each angle in equilateral triangle=60° 
The line shown in the diagram bisects the 60° angle. 


и 


= =Cos 20° 
rrr 
=0.866 
r_=0.866 r++0.866 r- 
0.866 ry.=0.134 r_ 

Te. 018412 

P» 0.866 
Problem 7.9. Potassium crystallises with a body centred cubic 
lattice and has a density of 0.856 g cm ?. Calculate the length of the 
side of the unit cell a and the distance between (200), (110) and (222) 


planes. 


0.0155. 


i Tm (2) (39.102 в mole) 
Solution. 0.856 em™= -02205x 10° mole")? — 


а==5.333 х 10-8 ст=5.333 À 
L5393 
V k+k?+4l? 


5333 9.667 А 
v4 


dir= 


For (200) planes, dso0— 


For (110) planes, Фпо= E mA 
5.33 1,540 А 


For (222) planes, зз Vm = 


112 Problems in Physical Chemistry 


Problem 7.10. Sodium crystallises in a cubic lattice, and the edge 
of a unit cell is 430 pm. The density of sodium is 0.963 g/cm’, the 
atomic weight of sodium is 23.0. How many atoms of sodium are 
contained in one unit cell? What type of cubic unit cell does sodium 
form? 

Solution. The edge of the unit cell is 4.30 10-8 cm. The volume 
of the unit cell, ‘therefore, is (4.30 10-8 cm),3 or 7.95 x 10-23 стз. 
We must find the number of Na atoms in this volume. 

We derive our conversion factors from the density of Na. 

0.963 g Na—1 cm? 
and the fact that 1 mol of Na (which is 23.0 g of Na) contains 
Avogadro's number of Na atoms. 

6.02 x 10?? atoms Na—23.0 g Na 

'. Atoms of Na==7.95 x 10-23 cm3 (PEERS) 
1 em? 
(825 10° atoms Na 
—2.00 atoms Na. 

Sodium crystallises in a body centred c 
cubic unit cell contains 2 atoms. 

Problem 7.11. In an X-ra 


ell since the body centred 


: y diffraction Study of a crystal of barium 
using X-radiation of wavelength 229 pm gives a first order reflection 
at 27°8'. What is the distance between the diffracted planes? 
Solution. Using Bragg equation 
n\=2d. sind 
n=l; А==229 pm 
0—27?8' 
"dm 1x229 
doi 2X sin 27°8’ 
d=251 pm 
Problem 7.12. In a crystalline solid MX, the first order reflections 
from (100), (110), and (111) faces usin 
8.4° and 5.2° respectively. How do the s 
vary in the solid МХ? 
Solution. According to Bragg's law we have 


$ monochromatic X-rays are 
pacings of the three planes 


2d sinb=na 
For a first order reflection, n —1 
a 


ою е 59" 0.103 
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ip i 1 
2sin8.4 0.146 

А 1 

d сс = 

Hi" sin 523 0.0906 
GONE І 1 : 
Фоо: 4,10: diii : : 
100: @110: 4111 0.103 ` 0.146 ` 0.0906 


—] : 0.705 : 1.14. 

Problem 7.13. The element chromium exists as a body centred 
cubic lattice whose unit cell edge is 2.88 À. The density of chromium 
is 7.20 g/c.c. How many atoms does 52.0 g of chromium contain? 

Solution. The volume of the unit cell of chromium 


—(2.88 A) 
—23.9 Аз 
Volume of 52.0 g of chromium — 2088 
7.20 g/c.c. 
=7.22 cms. 
f ҮТ 7.22 cm? 
The number of unit cells in this volume= 73.9 A?/unit cell 


—3.02 x 10% unit cells 
Since each body centred cube has 2 atoms, the total number of atoms 
jg atoms x 3.02 108 
— 6.04 x 10?? atoms. 

Problem 7.14. The edge of the unit cell of KCl is 6.29 х 10710 m, 
and the density of KCl is 1.99 x 10-3 kg m. If the KCI unit cell is 
face centred cubic and contains AK-* ions and 4Cl-ions per unit cell, 
then calculate the number of K*ions in one kg of KCl. 

Solution. Since the edge of the unit cell=6.29 x 101? m 

The volume of the unit cell=(6.29 x 10719) m? 

Further the density of KCI=1.99 X 103 kg m? 

г. Weight of the one unit cell —1.99 x 103 (6.29 X 10719) kg 
2.1 kg of KCI contains — IX inna unit cells 
therefore, the number of 


Since each unit cell contains 4K tions, 
K+ ions present per kg of KCl 


| 1 
М ЕЕ: 
= 4 X ax 1039 x 1.99 x 10° 
—8.07 x 107. 
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EXERCISES 


7.1. Classify the followirg unit cells in their proper crystal systems: 
(i) a=b=7.36A, c=12.45A, ust. 
(i) a—4.47À, b—1.64À, с 11.32Á, а=ү=90°, B=108°. 
(iii) a=6.39A, Б=7.С4А, c=10.13A, «=B ү=9о°. 
(в) a=b=c=9.43A, «=В=ү=82°. 
{Ans, (i) triclinic, (ii) moncclinic, (iii) orthorhomic, (iv) thombohedral.] 
7.2. The volume ofa general parallelopiped with sides a, b and c and angles « 
between b and c; В between a and с; Y between a and b is 
V—abc(1—cos*«—cos'8 —cos** 4-2cos« cosB cosy)! 
Use the above formula along with the following data to calculate the num- 
ber of molecules per unit cell in $4Ма. Unit cell: monoclinic; a=8.75A, 
b=7.16A, c=8.65A, 8=92.5°. Density=2.20 g/cm? (experimental). 
[Ans, 4] 
7.3. The space group of Cu;[Cr(CN),] is Fm 3m and а=10.24А. Assuming the 
value of А=1.5405А, calculate 6 for the following planes: 
(i) (120) 
(ii) (132) . [Ans. 9°40’.] 
74. А primitive unit cell has a=5.00A, b=6.00A, c=7.00A, and а=в=у=90°, 
A new unit cell is chosen with edges defined by the vectors from the origin 
to the points with coordinates 3, 1, 0; 1, 2, 0 and 0, 0, 1. 
(i) Calculate the volume of the original unit cell. 
(i) Calculate the lengths of the three edges and the three angles of the 
new unit cell. 
Gii) Calculate the volume of the new unit cell, : ^ 
(Ans, (i) 210A°; (17) a=16.16A, 5—13.00, c- 7.008 
ч а=20°, B=90°, ү=45.6°; (iii) 1050A?.] 
7.5. Calculate the number of formula units in each of the following types of 
unit cells (i) ZnS in a zinc blend unit cell; (ii) nickel in a face centred 
cubic unit cell; (iii) MgO in a rock salt unit cell. 
[Ans. (i) 4, (ii) 4, (iii) 4.] 
7.6. Silver iodide crystallzes in the ccp zinc blend structure, Assuming tbat the 
iodide.ions are located at the lattice, what fraction of the tetrahedral sites 
are occupied by the silver ions? М [Ans, Half.] 
7.7. A unit cell has dimensions а=6.00А ›5=7.00А, c 8.005, а=90°, B=115.0°, 
{=90°, Calculate the distance between the points 0.200, 0.150, 0.333 and 
0.300 and 0.050, —0.123. [Ans, 4.00À.] 
7.8. Calculate the value of Avogadro's number from the distance between the 
centres of adjacent ions in NaCl, 2.82A, and density of solid, 2.17 g/ml. 
с [Ans. 6.02 x 10.] 
7.9. A rhombohedral unit cell has а=6.00А, ®=60.0°. Show that a face centred 
cubic lattice may be chosen and calculate the dimension of the cubic cell. 
What is the criterion for deciding the classification of the crystal as cubic 
or rhombohedral? : 
[Ans, a=8.48A. The classification is based on Symmetry. A cubic crystal 
has four three-fold axes of symmetry, whereas a rhombohedral crystal has 
one axis of three-fold symmetry.] 
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7.10. A rhombohedral unit cell has a=5.00A, a=75.0°. (2) Calculate the volume 
of rhombohedral cell. (ii) Calculate the volume of hexagonal cell from its 
dimensions. [Ans. (1) 114.13A%, (її) 34.24À*.] 

7.11. Calculate the ð values at which the following reflections would appear from 
a monoclinic, crystal with а=5.50А, b 8.504, c—7.08À, В 110.0°. (а) 
010, (b) 029, (c) 321, (d) 321. Assume an X-ray wavelength of 1.542А. 

[Ans, (a) 5.50°, (b) 11.045, (c) 27.7°, (d) 32.0°.3 

7.12. Calculate the density of solid Krypton at 58 K. The solid Krypton has a 
cubic close packed structure with cell dimension 5.721A. 

: [Ans, 2.972 g/ml.] 

7.13. Calculate the electron affinity of iodine, given the following data: 

UNaI = —165.4 k.cal. mole! 
^ HrwNal = —64.8 k.cal. mole 
AHsub Nal=25-9 k.cal. mole 
=118.4 k.cal, mole ? 


INa 
ECA Hsub(la) + A Adiss(1.)) 7255 k.cal. mole? 
[Ans, 73.2 К cal. mole-!] 


7.14. Calculate the efficiency of packing for the hexagonal closed packed 
structure. [Aus. 74.05 per cent.] 


7.15. Prove. that i = 24/2 [V 3 for the hexagonal closed packed structure. 


7.16. Саки ate the efficiency of packing in the body-centred cubic structure. . 
[Ans. 0.6802 or 68.2 per cent.] 

7.17. Calcuiate the efficiency of packing in the diamond structure. The unit cell 
dimension of diamond is 3.567А. с [Ans. 0.3401.] 

7.18. Copper crystallizes in a face-centred cubic lattice. The density of copper is 
8.93 g/cm. What is the length of the edge of unit cell? [Ans, 3.62A.] 

7.19. Aluminium crystallizes in a face-centred cubic unit cell with the length of 
an edge equal to 4.05А. Assume that atoms are identical hard spheres and 

that a face-centred atom touches each of the four atoms of its face: (а) 


Calculate the length of the diagonal of a face, (b) calculate the radius of 
the hard sphere atoms comprising the crystal using the length of the 
, (b) 143À.] 


diagonal of a face obtained in (a). [Ans. (a) 5.71А 
7.20. Platinum crystallizes in the face-centred cubic structure with аз 9255 
Calculate the theoretical density of platinum. [Апѕ. 21.5 х 10° kg m .] 
7.21. Calculate the theoretical density оѓ rhombic sulphur if a= 10.4646А, b= 
12.8660A and c=24.4860A, Z=128 for this unit cell. y 
[Ans. 2.067x 10? kg m 7] 
7.22. The metal nickel crystallizes in a face-centred cubic structure. Its density 
is 8.90 g/c.c. Calculate (i) the radius of a nickel atom, (ii) the length of the 
а unit cell, and (iii) what volume do they occupy? 
[Ans. (i) 1.24À, (ii) 3.52A, (їй) 4.38 X 107 cm?.] 
7.23. Ап X-ray from a copper target of wevelength 1.5374A is reflected from 
two parallel planes 2.82À apart. What is the angle of reflection for n=1? 
[Ans. 15.8°.] 
7.24. Prove that in the cubic closest packed structure, the empty space is 25.9 


Estimate the percentage empty space in a body-centred cubic 
[Ans, 31.98 per cent,] 


edge of 


per cent. 
Structure. 
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7.25. Metallic gold crystallizes in а face-centred cubic Structure which is 4.073А. 
on an edge. The density of gold is 19.30 g/cm at 25°C. Calculate (i) the 
atomic radius of gold, and (ii) Avogadro's number. 

[Ans. 1.442А, 6.020x 10.] 

7.26. Rubidium iodide (RbI) crystallizes in a body-centred cubicstructure radius 
with each Rb+ ion surrounded by 8Г ions and vice-versa. The ionic radius. 
of Rb* is 1.494 and the ionic radius of I is 2.174. Find the length of one 
side of RbI unit cell. [Ars, 4.23À.] 


8 
CHEMICAL EQUILIBRIUM 


Law of Mass Action 

` The law of mass action was given by Guldberg and Waage in 1864. 
It states that at constant temperature, the rate at which a substance 
reacts is directly proportional to the active mass. The velocity of a 
chemical reaction is directly proportional to the product of the active 
masses of reactants. Alternatively it may be postulated that the rate 
of a chemical reaction is proportional to the molar concentration of 
the reacting substances. Equilibrium may be the most important con- 
cept in chemistry. In principle most chemical reactions are reversible. 
The reversible reactions can best be understood in terms of the con- 
cept of chemical equilibrium. Consider a general reaction AB. The 
rate of the reaction depends upon the amount of 4 available. If the 
reaction is reversible, then A<-B will also occur, and the rate of reac- 
tion will depend upon the concentration of B available. As the for- 
ward reaction А-В proceeds, the concentration of A decreases and 
the concentration of B increases, so does the rate of reverse reaction. 
At equilibrium the rates of forward and reverse reactions become 
equal. 

For the reaction, 
aA+bB = cC--dD 


the equilibrium constant is * 
[СР CDT' 
K = Tal [ВР Seen b) 
The square brackets indicate equilibrium concentrations in moles per 
litre. In the generalized equation (1) we see that the numerator is 
“the product of equilibrium concentrations of the substances formed, 
each raised to the power equal to the number of moles of that sub- 
stance in the chemical equation. The denominator is again the pro- 
duct of the equilibrium concentrations of the reacting substances, 
each raised to the power equal to the number of moles of the sub- 


stance in the equilibrium equation. The quotient of these two is 


constant, called equilibrium constant. 
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The free energy change AG” in a reaction is related to the thermo- 
dynamic equilibrium constant K, for the reaction, 
AG^——RT In К, ss (2) 
Relation between К, and Кс. The equilibrium constant expressed 
in terms of pressures K, is related to Ke the concentration equilibrium 
constant by the relation, 
K,=Ke (RT)A” 
where An=number of moles of gaseous products—number of 
moles of gaseous reactants, R is a gas constant and T is the tempera- 
ture in Kelvin. 
Le Chatelier’s principle states that when a constraint is placed on a 
-system, at equilibrium, the equilibrium shifts in such a way as to tend 
to annual that constraint. The novel constraints are pressure or 
volume changes, temperature changes and the addition of'consti- 
tuents. 
(i) Effect of pressure changes. Consider the following equilibrium 
at constant temperature 


230, = 2NO + о, 
2 molecules 2 molecules 1 molecule 
2 volumes 2 volumes 1 volume 


On increasing the pressure the equilibrium will move to the left in 
order to decrease the volume of the system and so minimise the effect 
of increased pressure. The reverse will apply if the pressure is 
decreased. 

(ii) Effect of temperature changes. Consider the following equili- 
brium at constant pressure 

C+H20 (g) = СО+Н, AH=-+X joules 

The forward reaction is endothermic (heat is absorbed) and the 
reverse reaction is, therefore, exothermic (heat is evolved). If the 
temperature is increased the equilibrium will move to the right in an 
attempt to annual the constraint. Thus higher the temperature, the 
higher the proportions of hydrogen and carbon monoxide at equili- 
brium. 

(iii) Effect of adding more of one constituent. Consider the following 
system at equilibrium at constant temperature and pressure 


250, +0, (air) = 250; 
If excess of air is now added, the equilibrium will move so as to 
oppose this addition by removing some of the oxygen on combina- 
tion with sulphur dioxide to form sulphur trioxide. A higher 


percentage conversion of sulphur dioxide to sulphur trioxide is thus 
achieved. 
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A catalyst does not alter the position of equilibrium, but it greatly 
increases the speed with which equilibrium is attained. This is because 
a catalyst not only increases the forward and reverse reaction rates, 
but increases them to the same extent. 

Problem 8.1. A mixture of CO(g) and Cl.(g) are placed in a one 
litre container where they react to form COCI,(g). When equilibrium 
is reached, analysis shows there are 0.30 mole of CO, 0.20 mole of 
СІ, and 0.80 mole of СОС, in the container. Calculate the equili- 
brium constant for the reaction. 

CO(g)-+Cl,(g)=COCI,(g) 
Solution. The equilibrium constant K for this reaction can be 


written as 


[СОС] 
yoo 
[CO] [Cle] 
_ [0.80] 
x (0.30) (0.20) 
K=13.3. 
Problem 8.2. For the reaction 
= е+/ 


the equilibrium constant is 5.0x 1075 mole/litre at 25°C. A solution 
which is 1.0 x 1074 molar in d is allowed to equilibrate at 25°C. What 
would be the equilibrium concentration of f? 

Solution. Let x be the concentration of f at equilibrium. Since one 
mole of fis produced for every mole of e, the equilibrium concentra- 
tior of both e and f will be x, and the equilibrium concentration of 


d will be [d°—x] 
_ ld 
pa ce 


к PLE! 


[4°—х] 
x? ut 
РЮО 
[4°—х] 
x =5.0x 10% 


(1.0x 1077—3) 
х2-+5.0х 10% х--5.0х107%=0 
x=[e]=[f]=5.0 x 10-5 M. 
Problem 8.3. Ammonia dissolves ап 
ing equilibrium is set up: 
NHs(aq)--H30 = мна» (aq)-+OH™ (aq) 


d reacts with water. The follow- 
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When ammonium ion is added (in the form of ammonium chloride), 
what will happen to the mass of hydroxide ion in solution? 

(i) It will increase. 

(ii) It will remain the same. 

(iii) It will decrease. 

(iv) It is not possible to say without more information, 

Solution. The addition of ammonium chloride results in an increase 
in concentration of NH,* (aq). The equilibrium automatically 


itself to nullify this change. The NH,* (aq) concentration is reduced 
by combination with ОН- (а 


q) to form МН: (aq)-+H20. Hence (iii) 
is correct. 


Problem 8.4. For the reaction 
Zn--2HCI—ZnCls-4-H, 
AH is negative. At 20°C using 2M HCI, 20 стз 
every minute. Explain why the rate of production 
when this is done at a higher temperature? 
Solution. For the reaction at equilibrium 
A+B = C+D 
the reaction is exothermic from left to right. Increasing the tempera- 
ture will result in more of A and B in the е 


quilibrium mixture. The 
reaction Zn42BCI2ZnCl--H, is exothermic, yet increasing the 
temperature appears to increase the amount of the product! This 


system is not at equilibrium. The increase of temperature can only 

speed the forward reaction rate. No backward reaction is possible as 

H»(g) is escaping. 

Problem 8.5. For the dissociation of water, H,O(g)=Ha(g) 4-30x(g) 
at 500°C, the value of K, with partial pressures in atmospheres is 
1.87x 107*. Assuming the ideal gas behaviour of gases, calculate the 
corresponding value of K, with concentration in moles per litre. 

Solution. For the reaction, HsO(g) = Hs(g)-10s(g). 

An= 3/2—1=0.5 
T= 500+ 273=773 К 
R= 0.082 litre atm deg™ mole 
K,= К. (0.082 х 773) 
_— 1.87х 10-6 
© (0.082х7731% 
K,— 2.35x 1077, 

Problem 8.6. If 1.588 g of nitrogen tetraoxide givesa total pressure 
of 760 torr when partially dissociated in a 500 cm? glass vessel at 25°. 
What is the degree of dissociation, « ? What is the value of K,? What 
is the degree of dissociation at a total pressure of 0.5 atm? 


adjusts 


of gas are released 
of hydrogen increases 
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Solution, М— ЁТЕ — (0.08205 x 298 x 1.588) 


PV (1x0.500) 
M= 77.68 mole 
_ 92.02—77.68_ 
а= ЭФЕС = 0.1846 
_ 4a2 P_ 4 (0.1846)? (1) 
Кр page ар=ч01246Н Pore 


- The degree of dissociation at a total pressure of 0.5 atm 


4a* (0.5) 
Ку= 0.141= Ш 


0.141 (1—)?= 2 
a= 0.257. 
Problem 8.7. At a certain temperature, K—0.051 for the reaction 
CO(g)--H,O(g) CO:-- H,(g) 

In an experiment, the system is at equlibrium with, CO.(g)=0.90, 
Н,=0.90, [CO] =4.0, and [H,O] = 4.0. An additional 1.0 mole per 
litre of CO and H:O are added to the container. Find the concen- 
trations of CO, H,O, СО» and He when the system again reaches 
equilibrium. 

Solution. 


ёч _[СО»)[Н») 
Equilibrium constant K = [CO] [H:0] 


0.90 x 0.90 
К = 40х40 
K = 0.051. 


On adding additional 1.0 mole рег litre of CO and НзО we make 
[CO]- 5.9 and [Н:0]=5.0. In order for the equilibrium expression to 
remain constant the numerator must get larger, the denominator gets 
smaller or both. This is achieved by shifting the equilibrium to the 
right i.e., some CO and H:O will react to form CO» and H:O until 
the ratio is again 0.51. Let the concentration of СО» formed be X, 
then the concentration of He formed will also be X. The concentra- 
tions of CO and Н.О used up would also be X. Thus in the reaction 

CO(g)--HsO(g) = CO2(g)4 Hs(g) 

(5.0—X)(5.0—X) (0.90+Х)(0.90--Х) 

[СО] [Hz] _ (0.90+X) (0.90 + X) 

K= iCo][H«0] ^ " (59—X) (5.0—X) 

K= 0.051 

X= 0.20. 
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So, when equilibrium is established, [CO2] —[H»] — 0.90 4-0.20—1.10 
and [CO]-[H30] 2 5.0—0.20— 4.80. 

Problem 8.8. The reaction Hs(g)--I»(g) == 2HI(g) has an equili- 
brium constant of 6.0 at a certain temperature. If the system is equili- 
brated at [Hs]—0.50, [I2]=0.50 and [HI]— 1.23 in a one litre flask 
and suddenly 0.60 mole of HI is removed. What will be the concen- 
trations of all species when equilibrium is re-established? 

Solution, He-+I2 = 2HI 

[HI]? 

[He] 15) 
On removal of HI equilibrium will be shifted to the right using up 
some Н» and I» to form HI until equilibrium is reached. Immediately 
upon removal of 0.60 mole of HI, we are left with [H.] =[I2] =0.50 
and [HI]—0.63. Let X be the moles per litre of На that react, when 
equilibrium is reached, [Ho] =(0.50—X). Опе І, reacts for every Hs 
that reacts, so we will also have [12] —(0.50 —X). For each Нз or I; 
used two HI are formed, so at equilibrium [HI] —(0.63-- 2X) 

(0.63+-2X)? _ —69 

(0.50—X)(0.5—X) ^" 

Х=0.135=0.14 
So, when equilibrium is re-established, [H2] =[I2]=(0.50—0.14) =0.36, 
and [HI]—(0.634-2 x 0.14)=0.91. 

Problem. 8.9. The equilibrium constant for the reaction 

A+B > C+D 
at 25°C is 2.0 x 10". What is the standard free energy change for this 
reaction? 

Solution. AG°=—2.303 RT log К, 

AG?——2.303 (2.0 cal./deg) (298) log 2.0 x 1010 
A G* —— (2.303) (2.0) (298) (10.3) 

A G?^—— 14,000 cal. 

AG? = 14 k.cal. 

Problem 8.10. At 298 K, the equilibrium constant and AH? for the 
reaction 


=K=6.0 


2NO.(g) = N20,(g) 
are 8.8 and —13.9 k.cal, respectively, What is the value of the equili- 
brium constant at 273 K? 


Solution. log B. alr = x) 
Ki А T 
K1—8.8, AH°=—13.9 k.cal. 

T1=298, T2=273 
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К, 1550 ae cit 
logs g= —53x2.0 (273 zx) 


Problem 8.11. The equilibrium constant for the reaction 
2HI(g) —Hs(g)--Is(g) 
s 2.18 x 107? at 764 Капа is 1.64 x 107? at 667 К. Calculate AH? for 
the reaction. 


Solution. log = = 324 = т ) 

2.18 x 107° — E ip a) 

1.64x10? 2.3х2.0\764 667 
AH=3000 cal. 

Problem 8.12. The equilibrium constant at 25°C for the reaction 
№0, = 2NO2(g) is K,—0.113 atm. Determine the partial pressure 
of NO:(g) in a system under a total pressure of 1.0 atm when 0.050 
moles of NsO4(g) are sealed in a container and allowed to come to 
equilibrium at 25°C. 


log 


Wade. gi. ВЕ 
(a—x) (a+ x) 
4x? Pr 

begs 
_ 4х2 (1.0) 
0.113 =(0.050)2—x? 
4.113x? =2.83 x 10-4 
х =8.29х103 


2 

Рио, -( atx )ь, 
Р __ 2(8.29 x 1073)(1.0) 

NO: < 0.050+8.29 x10? 
Pros =0.284 atm. 

Problem 8.13. The equilibrium constant K, for the reaction 
NH,(g) = 3Ns(g)-- 2 Hels) 
is 122x107? at 298.2 К. Determine K, for the reaction at 498.2 K 


given that AH? =46,190 J. 


Kp АН? „АЙ (A= »u ) 
Solution. log 7— Kn — 230 5308 R P. Г 
Kp: 46,190 / 1 1 ) 
log 755< 10-8 = (2.303) (8.314)\ 498.2 298.2 
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Кр» 
133x107 =1.77x 108 
Kp2=2.16. 
Problem 8.14. The value of К for the reaction N54-3H» = 3NHs 
is 6.41072 at 500°C. Calculate the equilibrium concentrations of 
* each of the component if the starting amounts are 1.00 mole of nitro- 
gen and 1.00 mole of hydrogen in a 2.00 litre flask at 500°C. 


А 1.00 mol 
Solution. [Мәш = o ] 0.500 mole// 
1.000 mole 
[Нан = 7510007 =0:500 mole// 


Let x be the equilibrium concentration of NHs, we can obtain the 
equilibrium concentrations of № and О, in terms of x and the start- 
ing concentration. According to the chemical reaction 3 mole of Na 
and $ moles of Н» are needed to produce 1 mole of NH; i e., 

[№]. —(0.500—0.5x) mole/7 

[85], —(0.500—1.5x) mole/I 

[NH;],,—x mole// 

On substituting the values of the equilibrium concentrations of Hs, 
N; and NHs in the equilibrium constant, 


K= [NH3}*eq = x? 
[Ns], .[Hs],,  (0.500—0.50х)(0.500—1.5х)з 
К —64x107? 


The solution of the equation gives the value of x, 

x =4.9х 107? тое//=МНз concentration 
[N.]=0.500—0.5x=0.500—0.024=0.476 mole// 
[H2]=0.500—1.5x=0.500 —0.073 —0.427 mole// 

Problem 8.15. The partial pressures of gaseous CO, Bre and COBrz 
in the equilibrium CO(g) + Вг = COBre(g) were found to be 0.222 
atm, 0.124 atm and 0.086 atm at 35°C. Calculate К, and К. for the 
equilibrium, and comment on the effect of pressure on equilibrium 
composition. 


Р, 
Solution, K,= CUBE 


Рсо,. Рвг, 
0.086 
К,= 0777 х0.124 
K,=3.62 atm ! 


K,=Ke(RT)4” 
K,=Ke(RT) 
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K, 


— 
Kc = тул 
Ke 3.62 


~ 0.0821 x 308 
Кс =0.143 litre mole. 
The increase of pressure will favour the formation of COBrz because 
there is a decrease in volume in this reaction. 
Problem 8.16. For the reaction 
3FesOs(s) = 2Fes0s-+302(g) 
A H?398— 55.5 k.cal. and AG^s55—46.5 k.cal. 
(a) Calculate the equilibrium constant K, at 25°C for this reaction. 
(b) Calculate the equilibrium constant for this reaction at 125°C. 
Solution. (a) AG°29s=46.5 k.cal. 


oek = LAT i х= ape do ыш 
gc Spe 2.303 RT 2.303 х 1.987 х 10 2 x 298.15 
log K,——34.1 
K,—8x 10755 
(b) AH?399— 55.5 k.cal. 
Ts Uu 
leg Er ied 155 | E aT. 
T; 
log Kr,— log Кт, + AOT Т. 
55.5х100 


log Kaos ——34.1 5393 x 1.987 x 10-9 x 298.15 398.15 
Киз =1.3X 107. 

Problem 8.17. Standard free energies . of formation of ethyl 
n-butyrate and n-butyric acid, water and ethanol at 25°C are —76.0, 
—91.5 К. cal. —56.69 and —41.63 К. cal. respectively. How much 
ether is formed when 0.5 mole of n-butyric acid is mixed with 2 mole 
‘of ethanol and allowed to come to equilibrium at 25°C? 

Solution. The chemical reaction is, 

CH,CH2CH2COOH(1) +C2HsOH()) = CH,CH2COOC2H;(1) 

+H:0(1) 

AG°=(—76.0—56.69)—(—91.5—41.63) 

=+ 0.440 k.cal. 
Since AG°=—RT МК 
=—2.303 RT log К 
AG? 
log К ——(2:393(1.987(298) 
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0.440 
log К =~ 303)(1.987)(298) 
=—0.323 
K=0.48. 


Also 


2 


K= (35-5825 
0.52y? + 1.20y—0.48—0 
The positive root of this equation has a value 0.35 mole. 


EXERCISES 


8.1. Which of the following are equilibrium situations and which are steady 
state situations? 
(i) A well-fed lion in a cage. The lion’s weight is constant. 
(ii) The liquid mercury and mercury vapour in а thermometer. Tempera-- 
ture is coastant. 
(iii) A playing basketball team and the bench of reserves. The number of 
“players іп the game” and the number “оп the bench" are constant. 
[Ans. (ii) and (iii) are equilibrium situations.] 
8.2. Methanol is made according to the following equation 
CO(g)--2Hs(g) = CH30H(g)--heat 
Predict the effect on equilibrium concentrations, of an increase in (a) tem- 
perature, (5) pressure. 
[Ans. (а) Decreases CH3OH, (b) Increases СНзОН.] 
8.3. Given 
SOx(g)-O«(g) = SOs(g)4-23 К. cal. 
(a) For this reaction discuss the conditions that favour a high equilibrium 
concentration of SOs. 
(b) How many grams of oxygen gas are needed to form 1.00 gm of SOs? 
[Ans. 0.200 gram of O:.] 
8.4. Select from each of the following pairs the more random system: 
(a) A brand new deck of cards arranged according to suit any number. 
(а’) The same deck of cards after shuffling. 
(b) A box full of sugar cubes. 
(b') Sugar cubes thrown on the floor. 
(c) A hay stack. 
(c') Stacked fire wood. [Ans. (a^), (b^) and (c’).] 
8.5. At 248°C and 1 atm pressure «—0.718 for the dissociation 
SbCl;(g) == SbCl«(g)--Cl,(g) 
Calculate K; for the reaction. [Ans, K,=1.07.] 
8.6. At 3000K and 1 atm, СО» is 40 per cent dissociated into CO and O» (a) 
what will be the degree of dissociation if the pressure is raised to 2 atm? 
(b) What will be the degree of dissociation when a mixture of 50 per cent 
CO, and 50 per cent Оз is heated to 3000K, the pressure being 1 atm? 
[Ans, (a) 0.335; (6) 0.271] 
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8.7. NHsHS disociates as foliows: 
. NHiHS(s) == NH:tg)-H:S(g) 
At 25°C the dissociation pressure of the pure solid is 500 mm Hg. Calculate 
(а) К, and (6) the total pressure at equilibrium when 300 mm of NH; are 
introduced into a flask containing solid NH;HS. 
[Ans. (а) 6.25 х10* mm? (b) 583.0 mm.] 
8.8. When equilibrium is established in the reaction, 
W+X = УЕ 
the percentage of each of the four constituents is constant. Among which 
are collisions occurring? 
(i) W’s are colliding with X's while Y's are colliding with Z’s only. 
(ii) W’s, X's, Y's and Z's are colliding with each other. 
(iii) W's are colliding with. Z's while X’s are colliding with Y's only. 
(iv) Collisions between W’s and X’s, and between Y's and Z's are no 


longer occurring. . [Ams. Gi).] 
8.9. If K==1.8 for the reaction 
Ns(g) -3Hs(g)*2NHs(g), 
how many moles of NHs must be placed in a 1.0 litre container in order to 
yield an equilibrium concentration for Н» of 6.0 M? [Ans. 31.9.] 


8.10. For the reaction 
280.(g) -Os(g) &2SOs(g), K—5.0x 10? 
at 500°C. The system is at equilibrium with [SO:]—1.0, [SOs]=10.0 and 
[0,]=0.02. How many moles per litre of SOs must be added in order to 
make [0]=1.02 at equilibrium? 

8.11. For the reaction Cli(g)&2Cl(g), K=3.6 x 107° at 2000°С. How many moles 
of Cl; must be placed т a 3.0 litre container in order to yield 0.10 mole of 
atomic chlorine at equilibrium? [Ans, 0.092 mole.] 

8.12. An equilibrium mixture XeF2(g)++-OF2(g)=XeOF:2(g) + Fs(g), was found to 
contain 0.60 mole of XeF2, 0.30 mole of ОЕ», 0.10 mole of XeOF; and 0.40 
mole of Fe in a one litre container. How many moles of ОР» must be added 
to increase [XeOF;] to 0.20 M? 

8.13. For the reaction 2a*c+d, 
the equilibrium constant is 1.0Х 107?. At equilibrium the concentrations 
observed were, [c] —1.2X 107° M, [d]=3.8 x 107* M. What was the concen- 


tration of [a] at equilibrium? [Ans. 2.1 X 10-* M.] 
8.14. A compound, HB, is formed from H and B according to the equation 
H+B=HB. 


A solution was prepared by dissolving 0.100 mole of H and 0.100 mole of 
B in enough water to make the total volume equal to one litre. After equili- 
brium had been established, it was found that 20 per cent of H had reacted. 
What are the equilibrium concentrations of H, B and HB? What is K for 
this reaction? 
[Ans. [HB]=0.020 M, [H]=0.080 М, [B]=0,080 M, K=3.1 //mole.] 
8.15. All dissociation equilibria of the type A;(g)&2A(g) are shifted to the right 
at higher temperatures. How does thermodynamics explain this fact? 
[Ans. AS is positive and TAS becomes larger in Gibbs-Helmholtz 
equation at higher temperatures.] 
ng 0.10 mole of NHs gas in enough water 
t is the [ОН-] in the resulting solution? 


8.16. A solution is prepared by dissolvi 
to make 1.0 litre of solution. Wha 
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8.17. 


8.18. 


8.19. 


8.20. 


8.2 


8.22. 


8.23. 


8.24. 


8.25. 


8,26. 


8.27. 


8.29. 
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[Ans. 1.3x10 ? M ] 
[Hint, NH;--H,O—NH,0H. Кеа for the reaction NH;OH«&NH;,*--OH ^ 
is 1.8x 10-5 mole/l.] 
When 2.94 moles of iodine and 8.1 moles of hydrogen are heated at con- 
stant volume at 444?C until equilibrium is established, 5.64 moles of hydro- 
iodic acid are formed. Find the equilibrium constant. [Ans 50.2.] 
Reactants P and О are mixed, each at a concentration of 0.80 mole |-*. 
They react to produce R and S. At equilibrium the concentration of R is 
found to be 0.60 mole 1—1. Calculate the valuc of equilibrium constant. The 
chemical reaction can be symbolised as under 
P+Q2R4+S [Ans. 9.0.] 
At 2000 К and 1 atm pressure HsO(g) is 1 per cent dissociated into H,(g) 
and Og). Calculate К, for the reaction 2H.O/g)+2H2(g)+0:(g). 
[Ans. 5.084 х 1077 atm.] 
Predict the effect on each of the following equilibrium of ес: easing the 
volume of the system 
(a) CaCO3(s)*CaO(s)+CO.(g) —heat 
(b) 2C(s)--O«(g) —2CO g)--heat [Ans. (a) left, (Б) left.] 


- What is the effect on the following equilibrium if each of the indicated 


changes is made? j 
N2(g)+202(g)=2NO.(g)+heat 
(a) increase in concentration of №, (b) decrease in temrerature, (c) increase 
in volume, (d) decrease in Оз concentration, (e) addition of a catalyst. 
[Ans. (a) right, (b) right, (c) left, (d) left, (e) none.] 
The equilibrium constant for the reaction Ha(g)+12(g)=2HI(g) is 64 at a. 
certain temperature. If 12 g of hydrogen and 762 g of iodine be kept in a 
sealed vessel at this temperature the yield of HI is 0.02. Calculate the per- 
centage of iodine converted into hydrogen iodide. [91.3 per cent.] 
One gram of PCI; is sealed in an evacuated bulb, K, for the dissociation of 
phosphorus pentachloride is 0 298 at 200°C. Calculate К. for the dissocia- 
tion at the same temperature. [Ans. 7.68 x 10-3.] 
Assuming that the degree of dissociation of PCI; ata certain temperature 
and under atmospheric pressure is 0.2, calculate the pressure at which it 
will be half dissociated at the same temperature. [Ans. 1.2X10-? atm. 
At 800°C, under a total pressure of one atmosphere, PC]; is 50 per cent 
dissociated. Calculate Кр. What is the pressure under which it is 75 per cent 
dissociated under the same temperature? [Ans, 0.111 atm. 
The molecular weight of МО; at 30°C is 80, which differs from the value 
expected from the formula. What nature of ihe change does N:O, under- 
go? Calculate the extent of the change. [Ans. №,О4==2МО,. 
One mole of PCl; was placed ina one litre vessel. At equilibrium, 0.20 
mole of Cl, were found in the vessel. Find the equilibrium constant for the 
reaction PCI;=PCls(g)+Cla(g). [Ans. 0.50. 


. Exactly 3.0 moles of SCl, are introduced into a five-litre container. The 


reaction S,Cl;(g)==2SCle(g) occurs, and at equilibrium only 0.20 mole of 
S2Cl, remain in the container. Calculate the value of equilibrium constant 
K for the reaction. [Ans. 31.4.] 
Consider the equilibrium, 2NO(g)4-2CO(g)*2CO.(g) +М»( g). When equili- 
brium is established, which way will it shift, if (а) СО, is added, (b) Ns is. 


8.30. 


8.31. 


8.32. 


8.33. 


8.34. 


8.35. 


8.36. 


8.37. 


8.38. 


8.39. 
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removed, (c) NO -is added, (4) the volume of the container is suddenly 
decreased? : [Ans. (a) left, (5) right, (c) right, (4) right.] 
A mixtüre containing 3 moles of acetic acid and one mole of ethyl alcohol 
was heated to equilibrium. Calculate the amount of ethyl acetate produced. 
The equilibrium constant for the reaction is 4.0. [Ans. 69.56 g.] 
The equilibrium constant for the reaction 
CH;COOH+C,H;OH#CH:COOC,Hs+H:0 
is 4.0. What will be the composition of the equilibrium mixture? 
2.0 g of ammonium chloride was heated in a one litre flask to 300°C. From 
the measurement of pressure it was found that 98 per cent of ammonium 
chloride was dissociated. If to this flask 2.0 g of dry ammonia was added, 
what would be the percentage dissociation? [Ans. 9.126.] 
Reactants q and r form s according to the following equation 
qtr<s. 
The initial concentrations of 4 and r were 0.8 and 1.5 mole/litre respec- 
tively ([s]=0). At equilibrium the concentration of s was 0.3 mole/litre. 
What is the equilibrium concentration for the above reaction? 
[Ans. 0.5 I/mole.] 
What is the per cent dissociation of NOCI(g) into NO(g) and Cl:(g) at 1.00 
atm and 107%atm if AG? (formation)— 15.79 К. cal. móle-! for NOCI(g) 
and 20.69 К. cal. mole-! for NO(g)? Assume ideal gas behaviour. ` 
[Ans. A G° (reaction)=20.50 kJ for 1 mole NOCI(g), 
K-—K,-2.55X10-75; 0.51 per cent and 4.93 per cent.] 
Calculate the pressure of COx(g) over a sample of CaCOs(s) at 1000 K if 


А G*100—22.90 kJ for the reaction 
CaCO:(s)&CaO(s)-- COx(g) 
[Ans. K—K,—aCo, = PCO: —6.39 X 10-2 atm.] 


Nitric acid in gaseous phase may decompose according to the equation 


4HNO:(g)«4NO.(g)--2HsO(g)-- Os(g) 
If the reaction starts with pure HNOs prove that 
1024 Ро 
ртр 
(Р-7Ро,) 
Calculate Л G^s for the reaction 
Cut*(aq)--ANHs(aq) - LCu(NH3).]**(aq) 
И Лб =—10.54 KJ, асы+ 70.01, амн, 7001 acomplex 701 
[Ans. —24.89 kJ.] 
If Д°зов = —237.178 kJ for the reaction 
H:(g)+O2(g)=H0(1) 
Calculate the value of K for this reaction. [Ans. 3.7 x 10%.} 
The temperature dependence of the standard Gibbs free energy for the 


reaction 
$b,0s(s) --3CO(g) &2Sb(1) 3-3COs(g) 


is given by the reaction 
nga - 461 134.286T log T—11.1X I07* T-£0.96x 10-* Т°—88.65Т 
Calculate A б°1000 for the reaction 


66,02(8)=280)+30:(8) 
if the Gibbs energies: of formation of CO;(g) and CO(g) at 1000 К аге. 
1 
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AG =—94,610 cal. mole— and Аб°со =—47,942 cal. mole. 


fco, 
[Апз. 11.061 k. cal.] 
8.40. For the reaction 
CO(g)+H:0(e)=C0:(g)+ H:(g) 
the equilibrium constant equals 4.0 at a given temperature. An amount of 
0.5 mole of CO and 0.6 mole of steam were put into a 2 litre vessel at this 
temperature. Calculate the number of moles of СО, present at equilibrium. 
[Апз. 0.4 mole.] 
8.41. Consider the two gaseous equilibria involving SO: and the corresponding 
equilibrium constants at 25°C 
2S0.(g)+404(g)*SOa(g) Kı 
2SOa(g)*2S0,(g)+02(g) К: 
How are the equilibrium constants K, and К, related to each other? 


1 
[ ans. Ki A 


8.42. Phosgene (COCI:).is put into a two litre reaction vessel and then heated so 
that it is partially decomposed 
COCI;«CO(g)4-Cl«(g) 
At equilibrium the СОС!» concentration was found to be 0.40 mole litre. 
More СОСІ, was then added to the vessel and when the equilibrium was 
re-established, [COCI,] was found to be 1.6 moles litre. How had the 
CO concentration changed? ` [Aus. It was doubled.] 


8.43. The equilibrium composition for the reaction below was found to be 
CO(g)+H:0(g)*CO.(g)+-Ha(g) 
Equilibrium 0.10 0.10 0.40 0.10 
concentration (mole litre) 
Then 0.30 mole of Н: was added to the one litre reaction vessel. What was 
the new concentration of СО: (в) when the equilibrium was re-established? 
[Ans, 0.33 mole litre-1,] 
8.44. Calculate the value of the equilibrium constant К for the reaction 
2NO+0:22NOa 
if, after mixing 1.760 x 107? mole of NO and 9.0х 107? mole of Оз in a two 
litre flask at 250°C, it is found that the equilibrium concentration of NO is 
8.0x 10-4 mole/I. [Апз. 2.0x 10° at 250°С.] 
8.45. Consider the reaction 2X4- Ү= X: Y, all gases, Initially, 3 moles of X and 
3 moles of Y are placed in a one litre container and after the reaction has 
attained equilibrium, 0.6 mole of XY is present. (a) How many moles of X 
as such are present? (5) How many moles of Y are present? (c) Calculate 
the equilibrium constant. 
à [Ans. (a) 1.8 moles of X, (b) 2.4 moles of Y, (c) 7.7x1072.] 
8.46. At 1273 К and a total pressure of 30 atm the equilibrium in the reaction 
CO:(g)+C(s)=2CO(g) is such that 17 mole per cent of the gas is COs. (a) 
What percentage would be СО» if the total pressure were 20 atm? (6) What 
would be the effect on the equilibrium of adding № to the reaction mixture 
in a closed vessel until the partial pressure of Ne is 10 atm? (c) At what 
pressure of the reactants will 25 per cent of the gas be СО,? 


[Ans. (a) 12.5 per cent, (Б) No effect, (c) 54 atm.] - 


8.47. When platinum is heated fin the presence of chlorine gas, the following 
reaction takes place 
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Pi(s)+Clz=PtCle(g) 
At 1000 К, 46°, 000 к 715 К. cal. If the pressure of Cl: is 1 atm, what will 


be the partial pressure of PtCl:? [Ans, 8.7 x 10-4 atm.] 


8.48. For the reaction 
(CHs) :CHOH(g) =(CHs)2+ CO g)4-Hs(g) 


Кр at 457 К is 0.36, AC,—4.0, and A 1°298.2 к =14,700 са]. (а) Derive ah 
expression Гог 12810 К; as a function of T, and (5) calculate К» at 500 К. 


[о Ans. logio K, == +2.01 logio T+0.656; (b) Kp=1.42, ] 


T 
8.49. The equilibrium constant for the gasreaction A=B is 0.10 at27°C. Calculate 
(а) AG’, and (b) AG for the production of 1 mole of B at a pressure of 1 
atm from A at a pressure of 20 atm. (c) Is the reaction spontaneous under . 
the latter conditions? 
ў [Ans. (а) +1373 cal. mole™*, (Б) —413 cal. mole? (с) Yes.] 
8.50. Mercuric oxide dissociates according to the reaction 
2HgO (s) -2Hg(g)-- Ox(g) 
At 420°C the dissociation pressure is 387 torr, and at 450°C it is 810 torr. 
Calculate (a) the equilibrium constants, and (5) the enthalpy of dissocia- 
tion per mole of HgO. 
[Ans. (a) 0.0196, 0.1794 atm?, (Б) 36,750 cal. mole-!.] 
8.51. Calculate (a) K», and (b) AG? for the following reaction at 20°C 
CuSO,.4NH;(s) = CuSO,.2NHs(s)-- 2NH«(g) 
The equilibrium pressure of NHs is 62 torr. 
[Ans. (a) 6.66 Х 10-3 atm’, (b) 2920 cal.] 
$8.52. Th: following reaction takes place in the presence of aluminium chloride: 
Cyclohexane(I)= Methylcyclopentane(1) 
At 25° K-=0.143, and at 45° К.=0.193. From these 


at 25°, (b) A H°, and (c) Д5°. 
[Ans. (a) 1152 cal. mole, (b) 2829 cal. mole-!, (с) 5.59 cal. K- mole *.] 


data calculate (а) AG* 


9 
CHEMICAL KINETICS 


Chemical kinetics concerns itself with the speed or rates of chemical 
reactions. In this area of chemistry we study the factors that control 
how fast chemical change occurs. These factors include: 

(а) The nature of reactants and products. 

(5b) The concentration of reacting species. 

(c) The effect of temperature. 

(d) The effect of catalysts. 

An understanding of the effect of these factors on the rates of 
reactions provides an insight into the mechanism of the reaction. 
The rate of a reaction tells us how fast the concentration of a reac- 
tant or product changes during the course of an investigation. The 
rate of a reaction can be expressed as the ratio of the change in the 
concentration of a reactant or product to a change in time. The 


rate, velocity or speed of a reaction is given by + A, This expres- 
sion gives the increase (-+) or decrease (—) of a concentration within 
a given time interval dt. Consider the reaction, 
aA+bB+....=Products 5) 
According to the law of mass action, the rate of a chemical reaction 


is proportional to the product of the molar concentration of the react- 


ants, each raised to a power equal to the number of molecules of the 
substance undergoing reaction 


E 1 dA 
Rate. = а= aap = 
| . dB 
"Ur tg, conem ЕТА [В]! ays ei) 


where К is the rate constant. The rate of decrease of each reacting 
component is given in terms of the number of mole equivalents of 
each species undergoing reaction. 
The overall order п of a reaction is the sum of the exponents, 1.е., 
n=a+b+....° „+ (3) 


The reaction is of order a in reactant A, b in reactant В, Although 
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it might appear that reactions of higher order are. possible, it is 
doubtful whether п ever exceeds 3. The number of atoms or mole- - 
cules taking part in each act leading to chemical reaction is called 
molecularity of the reaction. 
First order reactions. In a first order reaction the rate is directly 
proportional to the concentration of one reactant 
1 ie 
di — k [4] два) 
where k is known as the rate constant or specific reaction rate. For а 
first order reaction k has the units of time . 1 
к= 2999. log (25) PRG) 
where a is the initial concentration of reactant, (a—x) is its concentra- 
tion after time t. Hydrolysis of ethylacetate in presence of hydro- 
chloric acid is a first order reaction. The acid acts as a catalyst 
H+ 
CH;COOC:H;+H20 = CH;COOH--C;H;OH 
In order to follow the course of a reaction, a definite volume of the 
reacting solution, consisting of the ester dissolved in water contain- 
ing the acid, is withdrawn and titrated with standard alkali. The 
volume of the alkali solution used is equivalent to the total of the 
hydrochloric acid and the acetic acid produced in the hydrolytic 


reaction к 
V, =volume of alkali equivalent to the catalyst alone. 


Р» —volume of alkali equivalent to the catalyst and the acetic 
acid formed by the hydrolysis of the whole of ester. 
V, =volume of alkali equivalent to the catalyst and the acetic 
acid formed by the hydrolysis of the ester in time /. 
Моо —V, is equivalent to а 
Го —V: is equivalent to а—х 
Vo =v, 


2.303 
k= log =v - (6) 


Another reaction of the same type is the inversion of sucrose, i.e., 
Cy2H20n+H,0 = C,Hi206-+CsHi20¢ 


sucrose glucose fructose 
where а, and аоо are the angles of rotation at the beginning and 
when the reaction is complete respectively and «, is value after time t 


2.303 log 0—9 oo BN 


= 


0 — too 
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Second order reactions. The rate of a second order reaction depends 
on two concentration terms; both these may refer to the same react- 
ant or two different reactants. 

(a) When two reactants are the same, the general reaction would be 

2A — Products 


=de _ ^ 8 
j = 6. С ... (8) 
х 
a t.a (a—x) 


where @ is the initial concentration of reactant, at is the concen- 
tration of the reactant after a time t and x is the amount of reactant 
reacted after time 7. 
(b) When two different reactants react, 
A+B — Products 


-Z = к. (a—x) 6-2) ‚3 
_ _ 2.303 b (a—x) 
k= quB 8 (6-3) ... (00) 


The units of specific reaction rate will be conc. ? time !. 

Third order reactions. A third order reaction may involve three 
molecules of a single substance, two molecules of one substance 
and one of another, or all the three different molecules. Consider the 
reaction 


3A -» products 
dx 
Е = ax» 12200 


1 
or k= E = >] (B 
The units of specific reaction rate are сопс. time" 

Effect of temperature on reaction rate. Increase of temperature 
invariably enhances the rate of a chemical reaction to a marked 
extent. It can be expressed by means of an equation of the form 

—E,/RT 
К=А.е 5313) 
where А is called the frequency factor and E, is the energy of activa- 
tion of the reaction. This equation is known as Arrhenius equation. 
On taking logarithms of equation (13), it is found that 


. (14) 


E, 
fog k=log A— an RES 
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A plot of log k vs L gives a straight line and the slope gives the 


value of Е... 

Theories of reaction rate. In the collision theory a reaction takes 
place only if the molecules of the reactants collide. The rate (К) of 
such a reaction is given by d 

k=Zq ... (15) 
where Z is the number of collisions рег second per с.с. between like 
molecules of a gas, as for the reaction, 2HI = Ha--, is given by, 

Za=} V2 п 0v (п)? ... (16) 
where с is the collision diameter of the molecules, v is the average 
velocity of the molecules, n' is the number of molecules per c.c. 

Transition state theory. Consider a simple bimolecular. reaction 

between the molecules of 4 and B = 


А-В = [AB]* Products. 
Activated complex 
The specific reaction rate (k) is given by the relation 
Ri ЕГ, 
k= ih К (17) 


where R is the gas constant, T is the absolute temperature, N is the 


Avogadro’s number, h is Planck’s constant and K Eis the equilibrium 
constant, of the equilibrium, between the activated complex and the 
reactants. 

Enzyme reactions. Enzyme reactions proceed in two stages: 

(a) Formation of a complex between the enzyme and the substrate, 


as shown 


k 
E+S = ES T ag 
(b) Decomposition of the complex into reaction products, with 
regeneration of the enzyme 


ki 
ES — Products--E ... (19) 
Let 0 be the fraction of enzyme molecules that are involved in com- 
plex formation. The rate of formation will be proportional to the 
concentration of the free enzyme, i.e., 
(1—0) [Е] 
[Е] is the total enzyme, concentration, and also to the substrate 


concentration [S]. 
v=k (1—9) [Е], [S] ... (20) 
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The rate of reverse reaction у is proportional to the concentration of 
the complex, 8 
УК 6 [E], 
At equilibrium 
k (1—8) [Е] [$] = (8) [E]; 


Оза dm +з OD 
Е 
Since se = К, the equilibrium constant 
РА. 2002) 
° = TEKIS) 


Assuming that the reaction is proceeding extremely slowly, then the 
Tate of reaction >, will be proportional to the concentration of the 
complex ` : 
vi=k, 0 [Е], ie (23) 
On substituting the value of 0 from Equation (22) in (23) 
_ kt Ki $] [Е] 
ЕК] 
k:[ S] [Eo] 
Sai tay GES ра arated (24 
к] (24) 


и 


where Km = + and known as Michaelis constant. It is. also equal 


to the dissociation con nt of the -complex ES. Оп rearranging 
equation (24) we have, 


VEL EN Eu [ER Vi 


Ж ЕМ ЫДБ, 09) 
Thus а plot of T" vı should give a straight line. The slope 


A 1 z Su. 3 Е 
being — Kx ` The intercept of this line on the v: axis gives the 


maximum rate when the substra 
enzyme is practically in the form 
Eadie plot. 


Problem 9.1. The following data were obtained in an experiment 
on the inversion of cane-sugar: 


Time (s) 0 432 1080 6120 оо 
Angle of rotation +24.09 21.40 +17.73 +15.00 —10.74 
(degrees) 
Show that the inversion of cane-sugar is a first order reaction. 
Solution. Since the inversion of сапе-зираг is a first order reaction, 
Et 2.303 к, diua, 


log 


t 911—965 


te concentration is so high that the 
of complex. This plot is known as 
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where a = +24.09 


“о = —10.74 
«о—® оо =24.09—(—10.74) 
= +34.83 
At 1—432 
po fog 34.83 
432 [21.40—(—10.74)] 
6.22308 ор 3483 
125432 32.14 
k1—1.87 х 107* sec}. 
At 1—1080 
2:303 Jog 34.83 
1080 [17.73—(—10.74)] 


Pa 2.303 log ( хы) 


— 1080. 28.47 
k,=1.87 X 1074 sec}, 
At 1=1620 
2.303 34.83 


kı=7620 198 [15.00—(—10.74)] 
к —2-303` о 34:83 
1620 25.74 
kı=1.87 X 1074 sect. 
Since the value of the rate constant kı is constant, it is a first order 
reaction. 

Problem 9.2. A certain amount of methyl acetate was hydrolyzed in 
the presence of an excess of 0.05 mole dm ^? НСІ at 25°С. When 25 
mlaliquots of reaction mixture were removed and titrated with 
NaOH solution, the volume V of alkali required for neutralization 
after time were as follows: 

t (min) 0 21 75 119 со 

V (ml) 24.4 25.8 29.3 31.7 47.2 


Show that the reaction is the first order reaction. 


Е _ 2.303 Ио — И. 
Solution. k= жета log И, 
Vo=Volume of alkali required for the neutralization of НС! 
Veo =Volume of alkali required for the neutralization of acid and 
com plete hydrolysis of methyl acetate 


Vo —V,—41.2—24.4—22.8 
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At t—21 
2:303 „228 
"rem Ч oun 
kı=5.60 x 1075 sect, 
At 1=75 
_ .203.,, 228 
se io Xlogirg E 
k1—5.60 х 1075 sec“! 
At t=119 


22308 toy 228 
Uie °S 15.5 


kı=5.60 х 1075 зес-1, 
Problem 9.3. For the reaction 


A—B--C 
the following, were obtained: 
Time of seconds 0 900 1800 
Concentration of A 50.8 19.7 7.62 


Find the order of the reaction. 
Solution. For t=900 a=50.8 


а—х=19.7 

k= 2303 log 50.8 

900 19.7 

k1—1.05 X 107? sec", 
For :—1800 

a=50.8 
а—х=7.62 

2.303 50.8 


1800 98763 
k1—1.05 x 10-3 sec", 
The constant values of k show that the reaction is of first order. 
Problem 9.4. From the following data, show that the decomposi- 


tion of hydrogen peroxide in aqueous solution is a first order reac- 
tion. 


Time (minutes) 0 5 10 20 
KMnO, (ml) 46.1 37.1 29.8 19.6 
Solution. For a first order reaction І 

2.303 а 
ke 
1 poem a—x 


where a=46.1, the volume of KMnO; used at zero time and (a—x) 
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corresponds to the volume of KMnO; used at any time. Substituting 
the various values in the above equation: 5 


1=5 
2.303 / 461 
A= log 571 
к, =0.0435. 
t—10 
2.303 , 461 
b= 1°8 268 
К, =0.0438. 
1—20 
2.303 , 46.1 
k——59 198 19.6 
№, =0.04290. 


The уашезло А show that the reaction is of first order. 
Problem 9.5. The reaction between nitric oxide and hydrogen 
proceeds according to the reaction, 
2NO+2H2 = N2+2H:0 
The reaction has been investigated by-measuring the initial rate of 
decrease of pressure in known mixtures of gases, when the following 
results were obtained at 700°C. 


Initial pressure (atm) Initial rate of decrease 
Ha NO - of pressure (atm min !) 
0.2 0.5 0.0048 
0.1 0.5 0.0024 
0.2 0.25 0.0012 


Calculate (a) the order of the reaction with respect to each reactant 
and (5) the overall rate constant for the reaction at 700°C. 
Solution. The initial rate of decrease of pressures is given by 


—dp x y 
— =k. š te) 
a? No Pg, 
where pyo and Py, are the initial pressure of NO and H, respectively, 
k is the rate constant and x and y are the orders with respect to NO 
and Н.. 

Let v be the initial rate of decrease of pressure. The above equation 
can be written as, 
x » 


v=k, В 
Рмо PH: 
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Taking logarithms of both sides of this equation 
log v—constant--x log Bod log Dis 


For the first and last set of data Py, S constant, so that 


log v=constant-+x log Pro 


(^«), 


where v, and vs are the rates when the initial pressure of NO is 


(0), and (Pao) À respectively. 


On substituting the numerical values, 


log (боз )=х log (25) 
0.0012 0.25 
х=2. 
The reaction is thus of order 2 with respect to NO. , 
Similarly for the first two sets of data, рхо is constant, so that. 


log v=constant+y log p. ; 


Ca), 


p 
Н: /2 


On substituting the numerical values 
0.0048) __ 0.2 
log (вин) log (os ) 
HS У=1. 
Thus the reaction is of order 1 with respect to H;. 


Hence the overall order 1—2--1—-3. For a third order reaction the 
rate equation can be written as 


log 2 y log 
Уз 


ог log “hay log 
2 


pa 0.0048 
(0.5)? (0.2) 
k=0.096 atm™ тїл^1, 
Problem 9.6. Decomposition of benzene diazonium chloride was 
studied at constant temperature by measuring the volume of №, evol- 
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ved at various intervals of time and the following data were obtained: 
Time (minutes) 0 20 50 70 ec 
М, (ml) 0 10 25 33 162 
From the above data show that the reaction is of first order. 
Solution. The rate equation for the above reaction can be written 
as 


up ОИ, 
where ИУ» and V, are the volumes of nitrogen measured at the end 
of the reaction and at time ¢ respectively. On substituting the various. 
values in the above equation, 


1=20, 6.-—2:303 jog 162 0.00322 


20 162—10 
2 20 162 
1—50, k——z log i62— 50.0036 
2.303 us 162 
1=70, ki— = log 162—35 —0.00326. 


Since the values of k are constant, the reaction is of first order. 
Problem 9.7. The thermal dissociation of acetaldehyde was studied. 
by Hinshelwood at 5.18? with the following results. 


t(s) 42 73 105 190 242 
x=(P—P,) 34 54 74 114 134 
(mm) 


Show that the reaction is of second order. The initial pressure is 363. 
mm Hg. 

Solution. The rate icri for a second order reaction is, 

i 
к= РЕЯ 
P,—363 mm Hg. 

The values can be calculated as under 

(i) 1=42 seconds 


1 x 
k= х Rp) 
Mia soa н 

42 ^ 363 x 329 
k=6.79 x 1078 


(й) 1=73 seconds 
ао Аба 
t P&P,—x) 
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qaid ШЕЕ 
— 73 ` 363x309 
k=6.59 x 107° 
(iii) t=105 seconds 
el) x 
cms x P(P,—x) 
XE META E 
~ 105° 363x291 
k=6.71 x 10-8 
(iv) t=190 seconds 
1 x 
Вар Pers) 
ped 114 
*— [90 * 363 x 249 
k=6.64 x 1079 
(v) t=242 seconds 
k- 1 Жыз ы 
— t P(P,—x) 
whys add 
- 242 363x229 
=6.66 1075, 


Since the values of k comes out to be constant in each case it is a 
second order reaction. 

Problem 9.8. In the thermal decomposition of N:O at 764°C, the 
time required to decompose half the reactant was 263 seconds, when 
the initial pressure was 290 mm and 212 seconds at an initial pressure 
-of 360 mm. What is the order of this reaction under the given condi- 
tions? Calculate the time required to decompose half the reactant 
when the initial pressure is one atmosphere. 

Solutiyn. For a reaction having time for half the re: 

Ti [ami 

ER 
where Т is the half-change time when the initial concentration is ay. 
T, is the half-change time when the initial concentration is ds. 
order of reaction. 

4,—290mm 71=263$ 

а,=360 mm 7,=212$ 


263 _ [360]: 
212 |290 


action we have, 


nis 
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1.24—(1.24)*1 
n—1=1 
n=2 
Hence the reaction is of second order. 
We know that for a second order reaction the product of half- 
reaction time and initial concentration is constant. 
263 x 290 mm=7.63 x 104 
We are given that the initial pressure is 760 mm and let T be the time 
in second for half-reaction. 
j 760 x T=7.63 x 104 
T=100.2 seconds. 


Problem 9.9. The following values for the first order rate constant 
were obtained for a certain reaction: 


Temp (°C) kx 10551 
25 3.46 
35 13.50 


Calculate the Arrhenius frequency factor. 
Solution. Arrhenius equation can be written as 


ka "Es T»—T3 
ET 2308 AAT, . T, ТТ) 
where К =3.46 x 1075 5—1 


К =1.35 X 1074 51 
Т, =298К. T2=308K 
On substituting these values in the above equation we get 
log 1.35x 10 E, (202—298 
3.46 х 1075 2.303 х 1.9874 298 х 308 
Е __2.303 x 1.987 x 298 x 308 log 1.35x 1074 
G 10 3.46 x 1075 
—24830 calories. 


Since Arrhenius equation has the form 


log k= 5 505 sagt log A 
log 3.46 x 1075 = __24830 


2303 х 1.987 х 298 + 108 4 


log A =13.7491 
А =5.611 x 1012, 


Problem 9.10. The concentration of tert-butyl bromide as a function 
of time for the reaction 


(CHs)s CBr--H;O—(CH;), COH--HBr 
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at 25°C is given in the table below. 


Time Conc. of (CH3)s CBr 
(Rr. (mole/1) 
ЕО 0.1039 
3.15 0.0896 
4.10 0.0859 
6.20 0.0776 
8.20 t 0.0701 
10.0 0.0639 
13.5 0.0529 


What is the order of (CH3); CBr in the rate expression? (HO is а. 
solvent. Its concentration remains approximately the same). 
Solution. Select any two intervals and determine the rate. 


rate average conc. 
(mole/l-hr) (то1е/[) 
0.0896—0.1039 
TUE T 0.0967 
0.0859 — 0.0896 
410-35. ieee 


rate=—k{(CHs)sCBr]™ [НгО]^" 


UNE = к (0.0967) н.о] 
— 9s = * (0.0878) [H20] 


0.00454 _ (0.0967)!^ 

7000390. ~ (0.08781 
1.16=1.10”4 пх=1 

Therefore, (СНз)з CBr is first order. 


Problem 9.11. For the chemical reaction A+B — C the following 
rate data were found. 


Initial rate Initial conc. 


( mole[l—sec) | А (тойе/1) an 
0.10 2.0 3.0 
0.90 6.0 3.0 
0.90 6.0 607 = 


Find the rate expression from these data. 
Solution. Rate=k [4] [В] 
0.90=k (6.0)"4(3.0)ив 
0.10=k (2.0)? (3,9)» 
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9= 3% ni—2 
0.90=k (6.0)? (6.0)"8 
0.90 =k (6.0)? (3.0)"в 
1—2/"» — "y-Q9 [BP=1 
Therefore, rate—k [A] Е 
Problem 9.12. The following data were observed for the reactiom 
Т-ЕОСГ=СГ+ОГ 
carried out in a basic solution (ОН Present) 


Initial rate Initial concentrations 

(mole/l—sec) U7] [OCr] [OH]: 
(disappearance (то1е[1) (то1е[1] (mole!l} 
of OCI-) 

1.75 x 10-4 0.002 0.002 1.00 
8.75 x 10-5 0.001 0.002 1.00 
4.37X 10-5 0.001 0.001 1,00 
8.75 x 10-5 0.001 0.001 0.50 


What is the rate expression, the order of the reaction, and the rate: 
constant? 
Solution. rate = —k [Г] [OCI] [OH] 
let [-=A, ОСГ=В, OH —C. 
—L75x 10-1 __ —k (0:002)" (0.002)"» (1.00) 
—8.75х 10-5 — (0.001)"^ (0.002)?» (1.00)"c 
2=274 пл=т=1 
—8.75x 1075. —k (0.001) (0.002)" (1.00 tc 
—437X10* —k (0.00:) (0.001)"8 (1.00)"c 
2=2в рь=пос =] 
—4.37 х 105 — (0.001) (0.001) (1.00 )”° 
—8.75х10-* —k (0.001) (0.001) (0.50) "с 
%=2"° по=пон ——1 
k [ocr] 
à [OH] 


_ Tate 


order of reaction=1+1—1=1 
4.37 х 1075 mole _ k (0.001)? mole?/I? 
I—sec 1.00 mole/l 
k—4.37x 10 571 
Problem 9.13. For the chemical reaction 
5 Br -FBrOs- -6H*—3Br,--3H;0 
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the rate expression is given as 

rate—k [Bf-] [BrO; ] [Н+]? : 
"What is the molecularity and order of each reactant? 
Solution. 


Reactant Order 


Molecularity 
Br- $ 1 5 
ВгОз- 1 T 
H* LES TN 2 ` 6 


Problem 9.14. In the study of the chemical reaction 
2FeCls+SnCl2 — SnCl, 4- 2FeCls 


in which equal concentrations of ferric chloride and stannous chloride 
were üsed. The following data were obtained: 


t (minutes) 0 2 5 10 25 
Concentration of 
FeCl, 0.0700 0.0423. 0.0304 0.0225 0.0147 


(moles per litre) 
Show that the reaction is a third order reaction. 


Solution. For a third order reaction of this type the rate constan 
Кз is given by 


1 1 D 0 
ks (2t. |(а—х)? а? | 
|. xX Qa—x) 
he 721 аах)? 
when t=0, x=0 a—x=a a=0.0700 
1=2 
а—х=0.0423 mole/l 
х=0.0277 
22—8—0.1400—0.091—0.1123 
[= a x (0.1123)(0.0277) 
‚_°_ 2х2 © (0:07* (0:6433)? 
= Л 
i= _ 
#—х=0,0304 
1007020007 
= 0.0396 


2a—x=0,1400 —0,0396 


—0.1004 
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Кә= 7710% (0.07)? (0.0304): 
—87.8 ; 
1—10 
a—x=0.0225 
‘х=0.0700—0.0225 
—0.0475 
2a—x=0.1400—0.0553 
=0.0847 
к „l x {0.0925)(0.0475) 
3x10 0.07}: (0.0225) 
—88.6 
t=25 
a—x=0.0147 
x=0.0700—0.0147 
=0.0553 
2a—x=0.0847 
k= l y (0.0847)0.553) 


2x25 " (0.07)? (0.0147)? 
=88.4 
Problem 9.15. The chemical reaction between mercuric chloride 
and potassium oxalate proceeds as under: 
2HgCl,-+K2C2Os>KCl+2C0,+Hg,Cle 
The weight of Hg;Cl, precipitated from different solutions in a given 
time, at 100°C was as follows: 


НЕСІ moles K2C204 Time minutes Нез СЁ 
per litre moles per litre precipitated 
moles 
и ‚аа ER 
(0) 0.0530 0.404 65 0.0068 
(ii) 0.0836 0.202 ‚ 120 0.0031 
ui 6.0418 0-404 56 6.0633 


Pom these date, ealeulale the order of the reactia! 
ama d hv rate equation for the chemical Faction may be 
шнен as 


» 


й  С\\НЕСЬ|* (к.003)® 
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0.0068 mol , n ол? 
65 min =k[HgCle] ІКС: 4] А 
СЕ 2 

=K{0.0836 mol 1 :]" [0.404 mol 171] 


Are -Ho0836 moll1]"[0.202 mol 1-4" 


HT =k{0.836 mol Г1][0.202 mol Г" 


Аз | Axe _K10.0836 mol 7100.404 mol ГР 
Atıl Ata — k[0.0836 mol I7171[0.202 mol 171"? 
4.05=2?=2"2 
2. n3—2 
For Ахз=0.0032 mole 13—60 min 
Axı | Axs _ K[0.0836 mol I71]?: [0.404 mol Г] 
Да | Аз 0.0418 mol ГИ [0.404 mol 171]? 
0.0068 mole [0.032 mole _ yn 
65 min 60 min 
196m2—2m: — m—l 
Order of reaction—7; 4-n4—2--1—3. 
Problem 9.16. For the chemical reaction 
AT BTC—E 
it was found that the rate of the reaction doubled when the concen- 
tration of B was doubled, that the rate double when the concentra- 
tions of both A and B were doubled and quadrupled when the- 
concentrations of both B and C were doubled. What is the rate 
expression, the order of each component, and the order of the reac- 
tion? 
Solution. For the above reaction, 
rate—k[A]"^ [B]"» [Cy'c 
For the conditions given we can write the following expressions: 
pe k [4]"^ (2)"в [C]"c 
1 k[A]^^ (1)7в [С]"о: 
2 = (2)» 
пв =] 
2 _ КО)" Qy [Су 
1 кА (П) [erre 
2 = (2)"^ (2) 
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1 =2/4; na=0 
4 зз К[А]!^ (2)1 (2)по 
MEC (1) "о 
—(2) (2)°; по=1 
Wisi [C] 


reaction order =04+1+1=2. 
Problem 9.17. The mechanism for the overall reaction is 


A,+B>D 
4224 slow 
2A+B>C ^ fast 
If a catalyst D changes the mechanism to 
Az+D—A,D slow 
A,D>2A+D fast 
2A+B>C р 
What is the fate expression for the reaction “with and without а 
catalyst? 
Solution. Without the catalyst; the slow baci is the 
49—24 
rate determining step. Therefore, rate of the reaction, 
rate=k[A.] 
with the catalyst, the slow step is 
As -D—A,D 


А rate=k’'[A,][D]. 
“Problem 9.18. The following values have been obtained for the 
velocity constant in the decomposition of N2Os: 
t CC) 0 25 45 65 
К (mm 3) 4.7х10-5 2.0x103 30x10? 30x10 
Find the value of activation energy and Arrhenius factor from these 
data. 
Solution. The Arrhenius equation in the logarithmic form is, 


E 
^ 2.303 RT 
where E is the energy of activation, R is gas constant, T is the tem- 
perature in K and 4 is called the frequency factor or pre-exponential 


log k—log 4 


factor. The plot of log k vs = should give a straight line. 
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T (K) 273 298 318 338 
1/T 3.66х 1072 3.36х 10-3 3.15Ж10-3 2.96x 10% 
log k —4.328 —2.699 —1.523 —0.523 


A plot of-log k vs 1/T is shown in Fig. 9.1. 
From the Arrhenius equation slope is 
—E _ - 323 
2.323 В 0.6х107 
`Е=103 КУ шое 1 


At (^C 


103,000 
2.303 х 8.31 x 273 


—4.328—1og A — 


—o 


x 
о 
e 
2.90 3.30 
4x10 
Fig. 9.1 
log A= x tO __ 4.328 


2.303 х 8.31 X 273 
log 4—15.382 
A=2.41 x 1015 miri, 

Problem 9.19. At 283°C at a concentration of one mole per litre, 
the number of molecules of hydrogen iodide colliding per second is 
6.0 x 1021 per ml. The activation energy of the reaction is 187.kJ. 
Calculate the number of molecules reacting per ml. 

Solution. Let Z be the number of molecules colliding per ml per 
second in a system containing one mole of reactant per litre. The 
fraction (x) of these molecules is activated as a result of collision, 
then the reaction rate constant (К) for the bimolecular reaction is 
given by 
k=Zx 
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Further x is given by 
x=e—E|RT 


k=Ze—E/RT 
k=6 x 1031 e—187000/(8. 312556) 
Taking logarithms of both sides we get, 
log k=log (6 x 10%) —, ae 
log k=31.778—17.57 
log k—14.208 
k=1.614 X 104 molecules reacting ml! 871 


The number of molecules reacting is 1.6 х 101% mI! 571. 

Problem 9.20. Calculate the number of collisions per second per 
cubic centimetre at 0°C in a hydrogen gas at a pressure of 1.0 atm. 
The value of van der Waals constant, 5—0.026 c.c. 

Solution. Number of molecules per cubic centimetre, и’ 


NPV 
n'— Nn— "RT 


(6.02 х 10° molecules)(1.00 atm)0.00100 litre 
0.082 litre atm deg ! mole! x 273 


1' —2.68 х 101? molecules. 


с for hydrogen can be calculated from the van der Waals constant, b 
Vin=b/4=0.0266 x 103/4—6.65 cm? mole t. 


| 1 Vin 6.65 cm? mole 
Volume per mole = x= 6 55x 103 molecules mole 


=1.10 x 10-23 cm?/molecule. 
Since V=4/3 nr? for.any sphere and the radius of the molecule is 0/2, 
V=n/6 с? 


=A) ЧЫ шш Л0 х 10-23) cm? 
3.14 


o= 2.76 х 1078 ст 
The number of collisions рег second per cubic centimetre in any gas 


| yc hs ыза Ж: SL Ды 
Z=2 (2.68 x 1019)?.(2.76 x 1078) A/ 314 (8314109273 


Z=2.06 х 10?? collisions/sec. 
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9.1. 


9.2. 


9.3. 


9.4. 


9:51 


EXERCISES 


The mechanisms of three reactions are given below. In each case write 
down the form of the rate equation and give the order with respect to each 
reactant. 


(a) A+B>C 
A+B>C single bimolecular 
(b P+Q>R 
Res slow 
S+Q=R fast 
(е) L+2M>N 
2M>M: fast 
M:+L>N slow. 


[Ans. (a) ke [ А] [B], first and first 
(b) К, [P], first and zero 
(с) ks [M]? [L], second and first.] 
The muta-rotation of glucose is a proton-catalysed reaction. The follow- 
ing polarimeter readings were observed for the reaction at 25°C. When the 
concentration of hydicclloric acid in the reaction mixture was 0.01 mole 
litre. 


Time (s) 0 300 1500 оо 
Polarimeter 
readings 33.2 31.2 25.5 18.6 


Calculate the first ordcr velocity ccnstant under these conditions. 

[Ans. 4.71X 10-4 s71,] 
The kinetics of the alcoholysis of cinnamal chloride was studied spectro- 
scopically and the following results for the absorbance as a function of 
time were obtained. 


Absorbance 0.378 0.339 0.295 0.246 0.204 
Time (min) о ` 20 40 70 100 
Absorbance 0.178 0.148 0.107 0.006 

Time (min) 120 150 200 со 

Calculate the rate ccrstznt for the reaction. [Ans. 1.07Х 10-4 3—1.] 


The acid catalysed hydrolysis of acetal at 35°C proceeds in the presence 
of excess of water and is a first order process. 


CHsCH(OC:H;):+H:0->CH:CHO+2C:H;OH 


The change in volume during the reaction was measured with a dilato- ` 
meter and the following results were obtained. 


Dilatometer O 97 113 147 159 171 179 184 187 
reading/cm 


Time(mi 0 3 5 Be tiu 42 f B 20 5 
Calculate the rate constant and the half life of the reaction. 
[Ans, k—3.45x 10? 5—1; 11/2200 s.] 


Th: rate of disintegration of a radioactive sample gave the following 
results: 

Days 1 A 5 7 x 9 
Rates 6200 4700 


— 2800 2100 
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Show that the data obey a first order rate law. Find the half-life and 
evaluate the rate at 1—5. [Ans. 1112=5.4 days.] 
9.6. The rate constant for the decomposition of hydrogen iodide is 3.96 10-1 
mole"! 5-1 at 321.4°C, and а=1 m. 1-1. Calculate (i) the extent of decom- 
position after 20 hrs., and (ii) the half-life. 
s [Ans, (i) 22 per cent, (її) 2.5 x 105 s.] 
9.7. A solution of №0; in CCl, at 45°C produces 5.02 c.c. of Os in 1198 s, 
7.33 c.c. of Os in 2315 s and a maximum of 9.58 c.c. of Оз after a longtime. 
Show that these results conform to a first-order rate law, for decomposi- 
tion of №0; and find the first-order rate constant. - 
[Ans. k—6.2X10-! 571] 
9.8. A solution containing' equal concentrations of ethylacetate and sodium 
hydroxide is 25 per cent saponified in 5 min. Show that for this system 50 
per cent saponification will be reached in 15 min. What will be the percen- 
tage of saponification in 10 min.? [Ans. 40 per cent.] 
9.9. For the gas phase reaction 2NO+2H2>N:+2H:0 the following initial 
rates were measured at 826°C. 


(Pro), бо) 359 300 152 (Ры torr 289 205 147 
=! oy, (torr 5—1) 1.50 1.03 0.25 1.60 1.10 0.79 


Determine the order of reaction with respect to each reactant. 
[Ans. пцо=2 пн, 1.] 


9.10. Two substances A and В undergo a bimolecular reaction step. The follow- 
ing table gives the concentration of A at various times for an experiment 
carried out at a constant temperature of 17°C. Ў 
Concentration of 4х 10* mole/dm-? 10.00 7.94 Є.31 5.01 3.98 


Тіте (тіп) . 0.00 10.00 20 30 40 
The initial concentration of В is 2.5 mole dm-?. Calculate the value of the 
second order rate constant. [Ans. 1.54x 10-4 dm? mole $—1.] 


9.11. The. process of breathing maintains the concentration of oxygen in the 
human blood in the lungs at.1.6X 107 moles of oxygen per litre of blood. 
The oxygen in the blood reacts with a compound, haemoglobin (Hb) to 
yield oxyhaemoglobin (HbO:). 
Hb+0O2+>HbO2 
The lung processes keep the concentration of haemoglobin constant in the 
lungs at 1.6X 10-* moles of oxygen per litre of the blood. The velocity 
constant for the reaction is k=2.1 X 10-8 litre mole—! 5—1 at body tempera- 
ture. Calculate (a) the rate of formation of oxyhaemoglobin per litre of 
blood, and (b) the rate of consumption of oxygen per litre of blood. 
snes i (a) Fd 107 mole litre s, (Б) 2.7 x 10-5 mole litre s~] 
.12. A solution was found to have the fi i i ae 
В ape ollowing concentrations at the times 
Time (s) 0 600 3000 6000 
Concentration 1,000 0.9616 0.8235 
(mole/litre71) 
Find the order of the reaction and the time 
decomposition, [Ans, 


9000 
0.6776 0 5572 


n {requiredffor 50 per cent 
First order, К,=6.49х 10-5 $75 fis 101 X 104 s] 
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9.13. Suggest a rate law for the reaction 
2NO(g)+Clo(g)>+2NOCI(g) 


Exp. CNO Cei Relative initial rates 
No. (M) (M) 

т. 0.10 0.10 1 

2. 0.20 0.20 8 

3 0.10 0.20 2 


—dC 
NO _ 
[ Ans т —kC'wo X со | 
9.14. Suggest a rate law for the reaction 


2N20;(g)>2N20.(g)+02(g) 


Бр initial CN.O; Relative initial rates 
о. 
(mole litre?) 
3. 0.10 1.0 
2: 0.050 0.50 
35 0.25 2.50 


[Ans, Rate=kx Cw,o;! 


9.15. Suggest a rate law for the following reaction 
2NO(2)-2H«(g)-- М: (®)--2Н:0(®) 


Erp. Initial Смо Initial Сн, Relative initial rates | 
17 0.1 0.1 у 1.0 
2: 0.1 0.01 01: 
kh 0.01 0.1 0.01 


[Апз. Rate=kC? No* Cur] 


9.16. The catalysed decomposition of H;0: in aqueous solution is followed by 
removing equal volumes of samples at various time intervals and titrating 
them with KMnO; to determine undecomposed НзО.. The results obtain- 


ed are: ғ 

Time (minutes) 5 ‚10 20 30 50 
ml of KMnO, 37.1 29.8 19.6 12.3 5.0 
Show graphically that the reaction is first order. From the graph calculate 
the value of the rate constant. (Ans. 0.0437 тіп-1. 


9.17. At 109°C the gaszous reaction A>2B+C is Observed to be first order. On 
starting with pure А itis found that at the end of 10 minutes the total 
pressure of the system is 176.0 mm Hg and after a long time is 270.0 mm. 
Calculate the half-life period of the reaction. [Ans. 10.7 min.] 

9.18. Show that the half-life equation for the second order process is 

апі = (А)? is ti2=1/(kea) 

9.19. Some phosphine gas РНз/з) is introduced into a flask at 600°C containing 
inert gas. The РН» proceeds to decompose into P,(g) and Ha(g) and the 
reaction goes to completion. The total pressure as a function of time 
changes as under: 

Time (sec) 0 60 120 9o 
P, (mm Hg) 262.40 272.90 275.53 286.40 
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(i) Calculate the order of reaction and the specific rate constant. 
(ii) The back reaction obeys a rate law of the form: 


ар, 
NHs а p 
—RNHasl.g P^ .P 
dt Рг He 


Calculate the values of a and b. 
[Апѕ. (i) The reaction is a first order reaction К, =0.023 зес-* 
(i) a—1/4, b—3/2.] 
9.20. A certain first order reaction is found to have a rate constant k,=0.0430 
s~ at 75°C and an activation energy E, —98.2 kJ mole. Calculate ДН” 
and AS* for the reaction at 75°C. 
[Ans ЛН =95.3 kJ; ASÉ—1.34 kJ K-1.] 
9.21. The inversion of sucrose proceeds with a constant half-life of 500 min at 
a constant pH of 5 at 25°С, At this temperature, but at pH of 4, the half- 
life is a constant at 50 min. The rate law obeys the rate equation 
d(sucrose) - 
dt 
Explain what the exponents a and b should be. 
[Апз. A constant half-life means that the reaction is first order, hence 
а=1. Since a ten-fold increase in [H+] decreases the half-life and hence 
increase the rate ten-fold, b must also be one.] 
9.22. The reaction C4H;Br--S:05*7 — C4H:S:0;---Br- is bimolecular and the 
second order specific rate constant is 1.64 X 10? sec? М-! at 37°С. The 
initial concentrations in a particular experiment are: [4]=0.1 M and 
[5:0:]=0.1 M where А denotes the C3H;Br concentration. (i) Calculate 


— k (sucrose)? (Н+)? 


ihe initial rate da. Gi) Derive the integrated rate law for this 


experiment. 
[^ o Seta sodes ш) -ү—--=н.] 

9.23. The rate of saponification of methyl acetate at 25°C was studied by 

making up a solution 0.01 molar in both base and ester, and titrating the 

mixture at various times with standard acid. The following data were 

obtained: 

Time (min) 6: 5 7 10 15 21 25 

Concentration 0.00740 0.00634 0.00550 0.00464 0.00636 0.00288 00.0254 

of base found 

Show by a graphical method that the reaction is a second order, and 

determine the specific rate constant. [Апз. 11.7 litre mole™* min^.] 
9.24. For the reduction 2FeCls+SnClz>2FeCle+SnCl; in aqueous solution the 

following data were obtained at 25°C. 

t (min) 1 3 7 11 40 

> 0.01434 0.02664 0.03612 0.04102 0,05058 

where y is the amount of FeCl, reacted in moles per litre. The initial con- 

centrations of SnCl; and FeCls were 0.03125 and 0.0625 mole/litre respec- 

tively. Show that the reaction is third order, and calculate the а{егаде 

specific rate constant. [Ans. 80 mole-* litre? min™.] 
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:9.25. The racemization of pinene is a first order reaction. In the phase the 
specific rate constant was found to Бе 2.2 10-5 тіпт! а{ 457.6 К and 
3.07х10-3 at 510.1 К. Estimate the energy of activation from these data 
at 480 K. g [Ans. E,—43,600 cal. mole71.] 

9.26. The gas phase reaction 24-В-+ С is bimolecular with an activation energy 
of 24,000 cal./mole. The molecular weight and diametre of 4 are 60 and 
3.5. А respectively. Calculate the specific rate constant for (ће decomposi- 
tion аё27°С. [Ans. 3.8х1$—7 litre mole зес-1.] 
9.27. (a) Integrate the rate equation | 
—deldt=kct 
(b) Derive an expression for fj in terms of kand Со 
(c) What are the units of k. 


à i 
[Ans. (a) 2(c, —c )-kt 


+ 
2,586C 
о 
Е 


3 
(c) mole # dm 2 5—1] 
9.28. The reaction between ozone and CS: was studied at 29.3°С with excess 
CS; to find the order of reaction with respect to Оз. From the following 
data prove that the reaction is second order and determine the pseudo- 
second order rate constant. 
t (min) . 0.0 0.5 1.0 2.0 3.0 4.0 
Pos torr 1.76 1.04 0.79 0.92 0.37 0.29 
[Ans, Since the plot of 1/ Pos against г is linear it is a second order reac- 
tion, k—1.20x 107? torr-! s-!.] 
9.29. A rule often quoted in the laboratory is “heat the sample by 10°C and the 
reaction will proceed twice as fast.” This is true at any given temperature 
only for reactions having one value of AE. Find the value of AE if 
11=25°С and t3 —35?C. [Ans. 52.9 kJ mole-!.] 
9.30. A drug is given intravenously and blood concentrations measured at 1 
and 4 hours are 26 and 18y g/ml, what is the half-life and at what time 
will the levels decrease to 10y. g/ml? [Ans, W257 hours; 8.8 hours.] 
9.31. Sulphadiazine has a half-life of 17 hours. If it isto be given as single daily 
dose of 1000 mg, and is rapidly absorbed, what initial dose should be used 
to obtain plateau serum levels at the end of the first 24 hours. 
[Ans, 1600 mg.] 
9.32. The first order decomposition of NzOs to give NO: and О, has a specific 
rate constant of 4.30 x 10-5 sec! at 300 К and 6.97х 107? зес-1 at 500 К. 
Calculate the activation energy for this reaction. [Ans, 24.8 k. cal.] 
9.33. A reaction has an activation energy for 25 К. cal. anda specific constant 
k-5.0X 107? sec^ at 400 К. Find the specific rate constant at 500 К. 
[Ans. 27 ѕес—!.] 
9.34. Calculate the relative velocity and kinetic energy as well as the centre-of- 
mass velocity and kinetic energy for 
(а) К and Cl; are moving on paths that intersect at right angles with velo- 
cities 5.0 x 10? and 3.0Х 10? ms“, re pectively. 


() A= 


s. 


9 85; 


9.36. 


9.37. 


9.38. 


9.39. 
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(b) Н, and Cl» moving as in (a). 
(с) К and Cl: moving on paths that intersect at 60° with the same velocities 
as in (a). 
[Ans. (a) Relative v—5.8X10* ms~* K.E.—7.1X10*' J, Centre of mass. 
v=2.6X 1G? 571, К.В.=6.3 x 107?! J; 
. (b) Relative у=5.8Х 10? ms-? and К.Е.=2.8 х 10-2? J, Centre of 
mass 3.0 x 10? ms-! and K.E.—1.8X 107 J; 
(c) Relative v—4.4X 10? ms, К.Е.=8.1х 107% J ] 
For the reaction, 2B>C, the following data were obtained: 
Molarconc. B 1.00 0.862 0.758 0.678 0.609 
Time (min) 0 500 1000 1500 2000 
Determine whether the reaction is first order or second order in B and 
find the specific rate constant. 
[Ans. Second order, k=3.20 1074 mole^! min=1.] 
Gaseous ethylamine decomposes as follows: 
C:H;NH:>C:Hi+NHs 

At 500°C and an initial C2H;NH: pressure Po = 55 torr in a constant 
volume vessel, the following data were obtained for the pressure increase 
AP. i 
t/(min) 1 2 4 8 10 20 30 40 
Pl(torr) 5 9 17 29 34 47 52 53:5 


(a) Derive expressions, in terms of t, Po, AP, for one half, first and second’ 


order rate constants. 
(b) Determine which expression from (a) best fits data and calculate the 
rate constant. 


[Ans. (a) Ki ГР (Po— A Ри: k,=t—" In [P(P— A^ P)]. 
k= AP|[t Po(Po —AP)]; (b) К=0.0924 min-t.] 


Consider the’ reaction А+Н:О+Н+ (aq)- Products. Write the complete 
rate equation lif Cu 6 > C. and if Н+ is regenerated. If k’=1.00x 10-5 
5—2 for the pseudo first order reaction, find k for the complete rate equa- 
tion, given that Ou 559 М and C1447 0-10 M. 


2 
[Ans. 1.80 107* M^! $—1.] 


At a certain temperature the half-life for 'the decomposition of Xenon. 
difluoride XeFs(g)--Xe(g)-- Fa(g), is 200 seconds when the initial concen- 
tration of ХеЕ, is 0.01 M and 66.7 seconds when the initial concentration 
js 0.03 M. What is the order of the reaction and the specific rate constant? 

[Ans. Second order, k=0.50 м зес—!.] 
A reaction has the overall stoichiometry 24+ B» products. The mechanism 
has been investigated by following the disappearance of А and В with three 
different initial concentrations expressed in mole/litre. (a) Suggest a mecha- 
nism for the reaction. (5) Identify the rate-determining step. (c) Calculate: 
the rate constant for the rate determining step. 
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Exp. 1 Exp.2 Exp. 3 
Time, min. A B A B A B 
0 0.100 0.100 0.100 0.209 0.050 0.100 
1 0.050 0.075 0.050 0.175 0.033 0.092 
3 0.025 0.025 0.025 0.1625 0.020 0.085 
9 0.010 0.05 0.010 0.1550 0.009 0.080 


9.40, 


9.4 


9.42. 


9.43. 


[Ans, (а) Reaction mechanism 


(i) act -Intermediate 
slow 
(ii) [Intermediate] —-—> Products 
fast 
(b) (Г) is the rate determing step 
(с) kı=10 litres mole“? min-*.] 
The following data were obtained for the variation of the rate of an enzyme 
catalysed reaction with temperatures 
°С 2 5 10 15 20 25 3047035 
Kas (relative) 1.0 1.49 2.86 5.47 9.97 14.16 18.18 24.05 


Construct the Arrhenius plot Гог this data and comment on your result. 
[Ans, The plot of Nx against 1/T is biphasic, Below 21°C the activation 


energy is 20.5 К. cal. mole-? whereas above this temperature the activation 
energy is 9.5 К. cal. mole, This indicates that there are two interconverti- 


ble forms of enzyme.] 


. The following data were obtained for an enzyme catalysed reaction: 


ic 20 28 35 42 50 53 
UE (relative) 1.0 1.88: 3:13... 5:15: 4.22.2 2:12 


Determine the activation energy for the reaction and comment on the data 
at higher temperatures. 


[Апз. The plot is linear up to 42°C and 


с gives an activation energy of 57.7 
kJ mole“. Above this temperature there 


is a sharp fallin’ | this 
к max 
may probably be due to thermal inactivation of the enzyme ] 


From the gas viscosity measurements the molecular diameter of He is 


found to Бе 2.18 х 107* cm. Find the number of Collisions per с.с. per sec. 
at 27°C 1 atm. 


[Ans. 8.0 x 10%.] 
loropropane into 
h temperature as 


The rate constant for the first order decomposition of 2 ch 
propylene and hydrogen chloride was found to vary wit! 
follows: 
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` Rate constant 


9.44. 


9.45. 


9.46. 


9.47. 


9.48. 


9.49. 


X 103/зес-* 
0.162 0.238 0.311 0.475 0.705 0.901 1.225 1.593 
Temperature/K 
640.6 647.7 651.2 657.5 665.1 669.0 674.9 679.7 
Calculate the energy of activation and the frequency factor. 
[Ans .AE=211 kJ mole, 4—2.5 X 10-3 $—1.] 
When the concentration of A in the simple reaction, 
AB 
was changed from 0.502 mole dm~? to 1.007 mole dm-?, the half-life 
dropped from 51 seconds to 26 seconds at 26*C. What is the order of the 
reaction and the value of the rate constant? z ; 
[Ans. Second order, k=0.039 йт? mole s-*.] 
The rate constant, k, for the alkaliae hydrolysis of ethyl iodide was mea- 
sured at various temperatures as shown. 
Temperature/^C 15 30 60 90 
10° k/dm? mole~? s^! 0.0507 0.335 8.13 119 
Use a graphical method to calculate the activation energy of the reaction 
and determine the frequency factor. 
[Ans. AE=90.0 kJ mole“, A=1.1X 101° dm? mole s7?.] 
First order rate constants for the decomposition of dinitrogen pentoxide at 
various temperatures are: 


tC) 0 25 35 45 55 65 
К (5-1) 7.3x10-" 3.5X10-5 L.35x10-! 5.0х10-* 1,5X107? 4,9х 107* 
Draw a graph and from it determine the activation energy for the reaction. 
[Ans. 103 kJ mole^!.] 
Two second order reactions A and B have identical frequency factors. The 
activation energy of A exceeds that of В by 10.46 kJ mole“. At 100°C the 
reaction 4 is 30 per cent complete after 60 min when the reactant is initially 
present at a concentration of 0.1 ml dm-?. How long will it take reaction B 
to reach 70 per cent completion at the same temperature for an initial 
concentration of 0.05 mole dm-?? [Ans. 1340 s.] 
The Arrhenius equations for the rate of decomposition of methyl nitrite 
and ethyl nitrite are 


- ms 
kı (S1) 10:5 exp (1523002 mole ) 


RT 
Ех —1 
апа Ks (3-1) =104 exp (=r ) 
respectively. Find the temperature at which the rate constants are equal. 


[Ans. 282 K.] 
The following data for the first order reaction involving the decomposition 
of penicillin are obtained from Swintosky et. al. 


Temperature First order rate constant, k hr-? 
37°C 0.0216 
43°C ` 0.0403 
54°C 0.119 ^ 


Plot the results and calculate the energy of activation and the freguency 
actor 4. [Ans. Е 20 К. cal.[mole, А=9.9 x 10-8 зес-1,] 
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9.50. A drug product is known to be ineffective after it has decomposed 30 per: 
cent. The original concentration of one sample was 5.0 mg/ml When 
assayed 20 months later the concentration was found to be 4.2 mg/ml. 
Assuming that decomposition is first order, what should be the expiration 
time on the level? What is the half-life of this product? 

Ё 2 [Ans. 41 mo, 79.4 то.] 
[Hint: The drug action at the molecular level for which a convenient mode} 


may be constructed assuming that.generation of a response by a drug is а 
rate process.] 


10 
DISTRIBUTION LAW AND PHASE RULE 


INTRODUCTION 


When a substance is added to a two-phase liquid mixture, it gets dis- 
tributed with different equilibrium concentrations in the two phases. 
The ratio of the concentration of the substance in the two phases is. 
constant, K called the distribution coefficient or partition coefficient. 


Ск rl): 


where С, is the concentration of the solution in phase 1 and Ci is its. 
concentration in phase 2. It is assumed that the solute neither asso- 
ciates nor dissociates in the liquids i.e., it has the same molecular 
weight in the two phases. 


Case I. When the Solute Associates in One of the Two Solvents 
Consider a solute represented by the molecular formula A. Let this: 
solvent exist as such in solvent I and is associated in solvent II as. 


(4), 


(4) nA е (ОА 
In this case we have, 
: с, 
K= —— Boos 
V Ca › 


where л is the degree of association. 


Case II. When the Solute Dissociates 
(a) When the solute dissociates in solvent J and «; is the degree of 
dissociation of the solute in Г. 


_ С1@- аа) IA 
К= = (4) 


Case Ш. When the Solute Dissociates in Both the Solvents 
In this casethe distribution or partition coefficient will take the form.. 


_ Gill ~%) 
= аата ... D> 
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where «у and a, are the degrees of dissociation of the solute in solvent 
J and II respectively. 


Solvent Extraction Method 

One of the important applications of distribution law is in the sol- 
vent extraction process. The process of extraction is much more 
economical and efficient if it is carried out in several operations with 
a given volume of the solvent. 

Suppose we have a solution containing W grams of a substance in 
VA c.c. of solution, and suppose that this solution is shaken repeatedly 
with V, c.c. samples of pure immiscible solvent employed for extrac- 
tion. Then at the end of n extractions, the weight И’, of solute 
remaining unextracted will be given by 


= KV, y 
m= erry.) bois: 
The weight of solute extracted will be, 
eoe p les KV, ү" 
W Wer Wir aas] e (N 


where K is the distribution coefficient. 


Phase Rule 

Phase. A phase is defined as any homogeneous and physically dis- 
‘tinct part of a system which is separated from other parts of the 
system by definite boundary surfaces. It is denoted by P. 

Component. The number of components for a system is the least 
number of constituents, which are required to describe the composi- 


tion of every phase that may be present in any of the equilibrium 
States of system. It is denoted by С. 


Degrees of freedom. The degrees of freed 
fined as the least number of intensive 
specified to define the equilibrium state of 
by F. 

Phase rule is a law of equilibrium state а 
the equilibrium among the different 
be stated as 


om for a system are de- 
properties that have to be 
this system. It is denoted 


nd is not applicable unless 
phases has been reached. It may 


F=C—P+2 
Solid-liquid diagrams. There are severa] fea 
on these diagrams, such as partial, com 
of solids, congruent, incongruent or no 
-solid-solid phase transitions. 
It is of interest to apply the phase rule to the freezing of a solution 


... (8) 
tures that may appear 
plete or no mutual solubility 

Compound formation; and’ 
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consisting of a solvent specification of only one and one solute. At 
temperature at which vapour pressure curve of the solution intersects 
the sublimation pressure curve of the solvent, crystals appear. Thus, 
there are two components and three phases in the system, solution, 
solid solvent, and vapour. 

F=C-P+2 

Е=2—34-2 

Е=1 
Hence, specification of one variable (temperature, vapour pressure of 
concentration) will define the system. As the temperature is lowered 
further, crystallization of solvent continues, and the solution phase 
becomes more concentrated until finally a saturated solution is obtain- 
ed. At this point, both solute and solvent crystallize simultaneously, 
and there are four phases: 

F-2—442 

F=0 
The system is invariant. There will be a simultaneous crystallization 
of solvent and solute at constant temperature until all the liquid solu- 
tion is solidified. The mixture which solidifies under these conditions 
is called a eutectic mixture and the constant temperature at which 
this solidification takes place is called the eutectic temperature or 
eutectic point. This is shown in Fig. 10.1. 


Solution 


1 


Temperature Solvent begins to crystallise 
Freezing point -- ---- m 
Eutectic mixture crystallises 


Eutectic mixture} - ————-—-- 


Heat removed (cal) —> 


Fig. 10-1. Cooling curve for a solution containing a single solute, 


Problem 10.1. The concentration of iodine between water and СС], 
is as under: 
Cr,-H,0 0.000321 0.000503 0.00764 0.00115 
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С—сс 0.002745 0.0429 0.06541 0.0101 


Show that these results illustrate distribution law. 


с 0.000321 

т.—н:о. — 9:000321 $0117, 

Solution, I. СО 0.02745 0001, 
і 4 


c 
тън. 0.000503 _ 
JL 28:0 LC =0.0117. 
Сы ссы 0.0429 
[o 

н.о 0.00764 
ш. ВЕН A =0.0117. 

C, cc, 6.06541 

с 
LEO. a =0.0114. 
Ch-CCh 9 


Problem 10.2. In a distribution experiment the resultsof distribu- 
tion of boric acid between water and amyl alcohol are as under: 
Concentration of boric acid in H,O 

0.0260 0.05103 0.1808 0.3012 
Concentration of boric acid in amyl alcohol 
0.00805 0.01545 0.0540 0.0856 


Show that distribution law is obeyed. 


IV. 


Solution. Corie acid aO =K 
boric acid —amyl alcohol 
1. ms =3.34. 
П. ORT =3.31. 
ш 01808 —3:35 
ry: 03012 —3.52. 


The distribution law is thus obeyed. 
Problem 10.3. The following data were obtained when quinine, 
C.0H210,N, was distributed between ether and water at 0°C 
С, (concentration in water layer) 0.0547 0.0590 0.0622 
C, (concentration in ether layer) 1.1142 1.2901 1.4281 
If quinine exists as monomer in water, determine its molecular 


complexity in ether. 


—— E 
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Е С: _ 0.0547 _ 
Solution. І. == ттүду = 0.0490. 
С: _ 0.0590 Lo ogs 
П. Gi = үзөр = 0.0457. 
Cı _ 0.0622 
Ш. cag 00497. 


Quinine exists as misnomer in ether. 

Problem 10.4. When benzoic acid was shaken with mixtures of 
benzene and water at a constant temperature, the following results 
were obtained. 

I П. сае UL 
Equilibrium concentration of benzoic 0.24 . 0.55 0.93 

acid in benzene (Ci) 

Equilibrium concentration of benzoic 
acid in water (C2) 

Comment on these results. 


0.015 0.022 0.029 


Solution. First calculate the ratio, a 
2 
С, _ 0.24 


таз" 15 
С. 101557 

II. С. 0022 — 25! 

© 10:93 LR 

Ш. с. = 0.025 = 32. 


Since these are not constant values, let us calculate ^ИСл/Сь 
I. VC/C2 = „0.240.015 = 32.6. 
П. /Ci/C». = 4/0.55]0.022 = 33.7. 
Ш. /C;/C, = +/0.93/0.029 = 33.2. 
The constant values of the ratio suggest that benzoic acid 15 associat- 
ed in benzene. 
Problem 10.5. Results obtained in some experiments on the distri- 
bution of succinic acid between water and ether are given as under: 
Cimo) 0.191 0.370 0.547 0.749 


Сене г) 0.0248 0.0488 0.0736 0.101 
Calculate the distribution coéfficient of succinic acid between water 
and ether LV 

К = СиСз 
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L k= ореола a 
кл 
ш. к = 0597 — $970 — 7443, 
"EE 


Problem 10.6. A solution of hydrogen peroxide in amyl alcohol 
contains 20 grams of hydrogen peroxide in 200 ml. It is to be extrac- 
ted with 200 ml of water (a) when used in two lots of 100 ml each, 
and (5) in one lot. Calculate the amount of hydrogen peroxide éxtrac- 
ted in each case. Given that the partition coefficient of hydrogen 


peroxide between amyl alcohol and water вт Я 


Solution. (а) Amount of solute extracted when extraction is done 


in two lots 
т [1 Cop) 
1 
m= {1- (1 кою )] 
= a| = (32 Ir xg y] 


177—753, —-19.01 gm. 


Hence when extraction is done in two lots the amount extracted is 
19.01 gm. 
(5) Amount of solute extracted when extraction is done in one lot 


only. 
m Д [1-( KVi + ni Fi nV; )] 


= 9 7 X 200 
W,=20 Е (rana )] 


ЛЕ “200 90 | 
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5 = 17.5 gm. 
The amount extracted when extraction is done in one lot will be 
17.5 gm. 

Problem 10.7. The solubility of a substance X is three times as great. 
in other liquids than in water. Compare the quantities of the sub- 
stance extracted from 100 ml of aqueous solution by (а) 100 ml of 
ether in one operation, (5) two extractions using 50 ml in each extrac- 
tion. Calculate the amount of substance unextracted in each case. 

Solution. (а) The amount of X unextracted using 100 ml in one lot. 


», Une Jw 


KV 4-100 
z. i x 100 
ous (i x itm)" 
W, = m. x a W — 25 per cent. 


(b) The amount of X unextracted using 50 ml in each lot and ex- 
traction is done twice. 


a KV Ww 
w =" КУ х ;) 

TT + x 100 2 
ww (432 x 100-F зб) 

, wf 100, 3. Y 
w.-w(^$- 3 x 359) 


"pup. $7525 
W'a 251 1:16 percent, 


Problem 10.8. 100 cm? of an aqueous solution contains 10 g of ar 


. organic nitrophenol. Calculate the weight of nitrophenol extracted by 


100 cm? of ethoxy-ethane, used (а) in one extraction, (b) in four 
separate extractions using 25 cm? of ethoxy-etnane for each extraction. 
The partition coefficient of the nitrophenol between ethoxy-ethane: 
and water is 3: 1 at room temperature. 

Solution. (а) Amount of solute extracted in one lot using 100 cm? 


will be, 
HUS MEM 
we» (ки? = )] 


и. i-( (9937) 


168 Problems in Physical Chemistry 


W'—10 1— 100 33x] 


L 

' —10х-3— 
W',—10x 4 
W',—7.5 g. 

(b) Amount of solute a at the end of fourth step, 
MNA t 
=] 1— ttm) ] 

j i x 100 is 
wai ( 1 x 100 + 25 
W',—8.93 р. 


Problem 10.9. The partition coefficient of a substance between 
chloroform and water is approximately 5 : 1. Show that the amount 
of substance extracted from 100 c.c. of an aqueous solution is more 
by using 50 c.c. chloroform at a time in two instalments than using 
100 c.c. of it at a time. 

Solution. (а) Extraction is done twice using 50 c.c. each time, Let 
W be the amount of substance being present in the aqueous solution 
and the extraction is done using 50 c.c. of chloroform at a time in two 
instalments. 


И: 2 
Amount of solute extracted W,= W [ 1— ety.) ] 


where К = + 


NU 
(b) Extraction is done in one lot using 100 с.с. The amount of 
solute extracted, 


Tes к. KV, 
w=] ı Gen )] 
$x 100 ^ 
ДЕДЕ - (Б 1100 + 100 _ 


100 x 5 
w= i уо 
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Since > >W. 


Hence the amount of solute extracted is more when extraction is 
done in two instalments than when it is done in one instalment. 
Problem 10.10. Acetic acid was shaken with CCla and Н.О. The 
following results were obtained : 
C,(H20) 5.02 7.98 10.90 
C,(CCla) 0.292 0.724 1.41 
Assuming that acetic acid has single molecules in water show that it 
has double molecules in CCl, 


Cı 5.02 
[Ki e = ои 99 
VC, М 0.292 
С: 7.98 
П. K= —L = = 938 
УС: V 0.724 
C, 10.90 
Ш. K= ~ = — = 9.18. 
VC, МА 


The constant value for K indicates that acetic acid exists as double 
molecules in CCla. 

Problem 10.11. Experiments on the study of the distribution ratio 
of phenol between water and chloroform gave the following results: 

Concentration in Н:О(С:) 0.094 0.163 0.254 0.436 

Concentration in chloroform (Сз) 0.254 0.761 1.85 5.43 
What conclusions can be drawn from these results regarding the 
molecular condition of phenol in chloroform? 

Solution. Phenol in chloroform may be present either as normal 
molecules or as associated molecule. 


Cı 0094 _ 

І. Gr =0254 = 0.3701. 
CG. 0163 . 

П. бу= 976] = 0.2142. 
Cı _ 0.254 _ 

Ш. G, ESSE — 0.1373. 


pur оао 
IV. G= 543 = 0.0833. 


Since the C/C: is not constant. Hence phenol does not exist in the 
form of normal molecules. 
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| с = WR — 0.1865. 
п. P EET 0.1868 
Ш. = = = 0.1867. 
IV. = Tea = 0.1870. 


Since ув constant phenol exists as dimer or double molecules in 


chloroform. 

Problem 10.12. Determine the number of components in the follow- 
ing systems: (а) An aqueous solution of KCI; (6) a mixture of 
CaCOs(s), CaO(s), and CO»(g); (c) FeSO,.H;O(s) = FeO(s) + Н,804. 

Solution. (а) Here the amounts of H,O and КС! will define the 
system completely, even though the other species such as K+(aq.), 
CI" (aq.), H*(aq.) and OH aq.) are present. The number of compo- 
nents in this will be two. 

(6) The least number of concentration terms needed to define the 
system is 2, as there is a following equilibria in the system 

СаСО:(5) = CaO(s) + CO»(g). 
The concentration of any two species need be known to define the 
System. Hence the number of components is two. 

(c) The concentrations of three components is required to define 
the system completely, i.e., one gaseous and two solid species. Hence 
the number of components of the system is three. 

Problem 10.13. The break and halt temperatures for the cooling 
curves. of melts of metals А and В are given in the Table below. 


Mole per cent A First break (°C) First halt (°C) Second halt (°C) 

100 1100 

90 1060 700 

80 1000 700 

70 940 700 400 
60 850 700 400 
50 750 700 400 
40 670 400 

30 550 400 
20 400 

10 450 400 

0 


500 
RID cc а эин нышы 
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Construct a phase diagram and label the phase regions. Give the 
probable formula of any compounds. 

Solution. Here each halt corresponds to a line of three-phase equili- 
brium and each break to a boundary between a one-phase and a two- 
phase region. This simplest diagram is shown in Fig. 10.2. Here an 
unstable compound is indicated that must contain less than 80 per 
cent and more than 70 per cent A, since it is between these limits that 
the lower three phase lines appear. However, a good guess appears to 
be 75 per cent A which corresponds to the formula 438. 


001 : © 
g rcm “Х.Ж v 


(цәш) w 


Fig. 10.2. 


Problem 10.14. A and В form two solid compounds. АзВ melts at 
800°C to a liquid having composition 4:8. AB, dcom poses at 700°C 
to solid B and a liquid phase. The melting point of A is 500°C; of B, 
1000°C. No solid solutions are formed. 

(а) Sketch the temperature—mole fraction phase diagram for the 
System A—B, Label each region. 

(b) A liquid solution containing 70 mole per cent B is cooled slowly 
from 1100 to 400°C, Draw a graph showing temperature as a function 
of time in this cooling process. Show how each major feature of the 
cooling curve is related to the phase diagram. 
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* Solution. 


(a) (b) 


Liquid (£) 


Cooling of liquid 


Freezing of В from solution 


Formation of A8 \ 
from B and liquid 


Cooling of 48; +8 


Time —> 


Fig. 10,3. 


Problem 10.15. Metals A and B form the compounds AB, and 
4;B,. Solids A, B, AB, and АзВз essentially are immiscible in each 
other, but are completely misciblevas liquids.4 and В melt at 600°C 
and 1100°C respectively. Compound А.Вз melts congruently at 900°C 
and gives a simple eutectic with A at 450°C. Compound AB; decom- 
poses at 800°C to give the other compound and a melt. There is a 
eutectic at 650°C. 

(а) Draw the sim plest phase diagram consistent with this informa- 
tion and label all phase regions. 

(b) Sketch cooling curves for melts of composition 90 per cent A 


and 30 per cent A. and label as to phases appearing or disappearing 
at each break and halt. 


Solution. 
The composition of the first eutectic melt could be either right of 
the left of the 90 per cent composition point. If it lay to the left, -the 


order of appearance of A and Ci, would be the reverse of that shown 
in the cooling curve. ж 
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(ә) 


3054 


М (melt) 


<— С, appears 
MC; 


A appears 
M disappears 
M*^ "NC, appears 


M disappears' С, +А 


Time ——> 


Fig. 10.4. 


Problem 10.16. Draw a temperature-composition phase diagram 
for a binary system А-В having a single eutectic, a single peritectic 
and no solid solutions. Label all areas. 


Solution. 


ec 


AB+B 


Fig. 10.5. 
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Problem 10.17. The data for the sodium chloride (S) water (W) | 
system is given below. Assuming that no solid solutions are formed, 
plot the phase diagram for the system and label all areas. 


Freezing point °C Saturated solution Solid phase 
Composition, 
Weight per cent NaCl 
0.0 0.00 ЩИ 
—04 0.69 Ww 
—0.8 1.35 W 
—2.86 4.10 и 
—3.42 5.53 и 
— 6.60 9.90 Ww 
—9.25 13.0 Ww 
—12.7 16.7 и 
—16.66 20.0 Ww 
— 21.12 (eutectic) 23.1 W-4-S.2W | 
—14.00 24.6 S.2W 
+ 0.1 (peritectic) 26.3 S.2W+S 
10.0 26.34 ы 5 
15.0 26.34 5 
20.0 26.40 5 
30.0 26.52 5 
40,0 26 67 S | 
60.0 27.07 $ | 
80.0 27.55 5 
100.0 28.15 5 
Solution. | 


Ice+S.2W 


10 20 30 40 80 60 70 30 90 
Weight per cent S (Sz NaCl) — 
Fig. 10.6. | 
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EXERCISES 


10.1. Succinic acid has its normal molecular weight in water. In the distribution 


of the acid between water and benzene, the concentrations in the aqueous 
and the benzene layers were found to be С, and C: respectively 

С, (g/100 с.с.) :0.150 0.195 0.289 

Cs (g/100 c.c.) 2.420 4.120 9.700 
Calculate the molecular weight of succinic acid in benzene, [Ans, 236.] 


10.2. Partition coefficient of a solute Z between two solvents 4 and B is 16. If 


Solubility of Z in Bis 50 mg per 100 с.с. Calculate the solubility of Z in 
А, [Ans, 800 mg/100 с.с.] 


10.3. Benzoic acid distributes itself between water and benzene in such a way 


that in a definite volume of water there are 1.50, 1.95 and 2.97 g of ben- 

zoic acid while in an equal volume of benzene there are 24.2, 41.2 and 

97.0 g of benzoic acid. What conclusion can be drawn from these results 

concerning the molecular condition of benzoic acid in benzene? 

[Aus, Benzoic acid is associated in benzene with molecular weight double 
than the normal molecular weight.] 


10.4. The partition coefficient of a substance Y between ether and water is 3, Y 


being more soluble in ether. 100 ml of an aqueous solution containing 
10g of Y is shaken with (а) 100 ml of ether and (5) four successive 
quantities of 25 ml of ether. Calculate the weight of Y left in the aqueous 
solution in each of the two experiments. [Апз. (а) 2.5 g, (b) 1.07 g.] 


10.5. The partition coefficient of an alkaloid between chloroform and water is 


20, the alkaloid being more soluble in chloroform. Compare the weights 
of the alkaloid remaining in the aqueous solution after 100 ml containing 
1 в Ваз been shaken (a) with 100 ml of chloroform, and (b) with two 
successive quantities of 50 ml of chloroform. 

[Ans. (а) 0.048 в, (b) 0.0083 g.] 


10.6. For each of the following systems determine the number of components: 


(а) NH: Cl(s), NHa(g), HCl(g) where the partial pressure of NH; is 
always equal to the partial pressure of HCI. 

(b) NHsCl(c), NHs(g), HCl(g) where the partial pressure of NH; is not 
necessarily equal to the partial pressure of НСІ. 

(с) NaCl(c), KBr(c), K*(aq), Na*(aq.), Cl-(aq.), Br (aq. HzO(liq.) 
H:0(g). 

(d) NaCl(c), КСК), Na*(aq.), Cl-(aq.), H:O(liq.), H2O(e). 

(e) CaCls.6H:O, Ca**(aq.), Cl-(aq.), H2O(liq.), H2O(g). 

[Ans. (а) 1, (Б) 2, (с) 4, (а) 3, (е) 2.] 


10.7. А certain substance exists in two solid forms О and А, as well as the 


liquid and vapour. The following triple points are observed and all equili- 
bria are stable. 


Temperature, °C Pressure, aim, Phases 
10 1:0 О, К, vapour 
80 10.0 R, liquid, vapour 


50 1000.0 Q. R, liquid 
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(a) Sketch the pressure-temperature phase diagram for the substance. 
Indicate the phase or phases present in each region. 

(Б) In each pair select the form with ?greater density in the vicinity of 
50°C and 100 if you have enough information to decide, О and R, R 
and liquid; Q and liquid. If you cannot decide, explain the reason. 
[Ans, We cannot decide about О and liquid because we do not know 

whether the Q-liquid equilibrium line has a positive slope.. 


d 


t 


10 20, 30 40 50 60 70 80 90 100 
Per cent ——> 


Fig. 10.7. 


10.8 For the system shown in the Fig. 10.8, prove that at equilibrium 
Wi АТ 


Wi XT—x 


where Wi=the weight of phase 1, W—the weight of phase 2, x,—the- 
weight of per cent of В in phase 1, xx=the weight of per cent of B in phase: · 


2, хр =weight per cent of B in the total system. 


A 
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$B—» 
Fig 10.8. 


10.9. The phase diagram of the system composed of the two partially miscible 
liquids A and B is given. 30 g of pure A is mixed with 70 g of pure В. 
(a) What will be the boiling point of this mixture at 1 atm? 
(b) What is the maximum amount of pure В recoverable by fractional 
distillation only? 


P=1 atm, | 


160, 


в 
А 10 20 30 40 50 60 70 80 90 100 
Weight рег cent 8—» 


Fig. 10.9. 


[Ans. (a) 118°C, (b) 51 в of pure BE 
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10.10. Construct and interpret the phase diagram based on the following data 
where Мы; is the mole fraction of lead iodide and г is the freezirg 


point of the solution in degrees centigrade for the system KI-Pbls. 


NP bls pe 
1.00 412 
0.90 395 
0.80 ‘ 367 
0.70 324 
0.60 337 
0.50 349 
0.40 422 
0.30 504 
0.20 585 
0.10 641 
0.00 686 


Assuming that all compositions аге below 0.5 МЫ, give a final solidifica- 

tion temperature of 346°C. 
[Ans. Compound KI-PbI» melting point 349°C, Eutectics at 0.47 Мы, 
and 346° and 0.7 Мрут, and 324°.] 


0.11. Consider the phase d:agram for sulphur as shown in the Fig. 10.10. The 
diagram does not show various transitions that occurin the liquid state 
as the Ss molecules becomc fragmented. 


Liquid ` 
114.5° 
Rhombic 


(151°C, 1290 atm.) 


1040°С 
b P116 atm, 


444°C 


Monoclinic 


Pressure => 
1 
! 
1 
t 
1 
| 
| 
1 
| 
о 


Temperature ———> 


Fig. 10.10. 


10.12. 
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(а) What is the stable form of sulphur under room conditions? 

(b) Suppose а sample of S were dissolved іп CS» and the solvent evapora- 
ted. What would be the stable form of sulphur? 

(c) What would be observed if molten sulphur at 115?C were poured into 
boiling watei? [Ans. (a) rhombic, (Б) rhombic, (с) monoclinic.] 


10.13. 


10.14. 


10.15. 


The following data are given by Andrews for the system o-dinitrobenzene- 
p-dinitrobenzene: 
Mole per cent of p-dinitrobenzene Initial melting point, °C 
100 173.5 
90 167.7 
80 161.2 
70 З 154.5 
60 146.1 
50 136.6 
40 ‚ 125.2 
30 111.7 
20 104.0 
10 110.6 
0 116.9 


Construct a temperature-composition diagram for the system, Find graphi- 
cally the maximum percentage of p-dinitrobenzene which can be recovered 
pure by crystallization from mixtures of the two compounds containing 
originally 95 per cent of the paracompound. [Ans, 98.4 рег cent.] 
The temperatures at which solid first crystallizes out when liquid mixtures 
of beazophenone and diphenylamine are cooled are given as follows: 

Mole percent diphenylamine 0 10 20 30 40 50 60 70 80 


Temperature, °C 47 42 34 35 38.5 40.0 37.0 34.0 41.0 
Mole per cent diphenylamine 90 100 
Temperature, °C 48 53 


Draw a temperature-composition diagram and label each region indicating 
which phases are in equilibrium under the conditions that the regions 
represent. What conclusions can be drawn from the nature of the ріаѕе 
diagram? 
[Ans. An addition compound (C,H;)2CO(C,H;)2NH with a congruent 
melting point of 40°C is formed.] 
Antimony (melting point 630°C) and lead (melting point 326°C) form спе 
eutectic mixture at 246°C which is 81 mole per cent lead, but do not form 
any solid solutions. Draw a temperature-composition diagram, assuming 
that the liquid’s lines are linear. Label each region and indicate which 
phases are in equilibrium under the conditions that the regions are present. 
For a mixture containing 50 mole per cent lead, determine (a) the tem- 
perature at which solid first crystallizes out, and (6) the proportion of 
the eutectic in the mixture at 200°C. . 
[Ans. (а) 393°C, (b) 61.7 mole per cent.] 
Sketch the phase diagram for thallium and mercury with freezing points 
Plotted against per cent by weight. Use the following facts about the 
System: 
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10.16. 


10.17. 
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Mercury melts at —39°C: the compound Tl2Hg; melts at 15°C; ТІ melts at 
303°C. Т1 lowers the freezing point of mercury down to a minimum of 
—60°C at a composition of 8 per cent by weight TI. The eutectic point for 
ТІ and Tl:Hg; is 0.4 at a composition corresponding to 41 per cent by 
weight TI. Label the phases present and' state the variance at each area 
and eutectic point. [Ans. In the liquid region F—2, in the two-phase 
regions, F=1, and at the eutectic point F=0.] 
The phase diagram for magnesium-copper at constant pressure shows that 
two compounds are formed: MgCuz which melts at 800°C, and Mg;Cu 
which melts at 580°C. Copper melts at 1085°C and Mg at 648°C. The three 
eutectics are at 9.4 percent by weight Mg (680°C) 34 per cent by weight 
Mg (560°C) and 65 per cent by weight Mg (380°C). Construct the phase 
diagram. State the variance for each area and eutectic point. 
[Ans, In the liquid region F=2, in the two-phase regions F=1, and at the 
eutectic points F=0 ] 


The following data are obtained by cooling solutions of magnesium and 
nickel. - 

Ni, weight per cent о 10 28 38 60 83 88 100 
Inflection 

in cooling curve °C — 608 — 770 1050 — = = 
Plateau in 

cooling curve °C — 651 510 510 770 1180 1080 1450 


It is found that in addition cooling solutions containing between 28 per 
cent and 38 per cent Ni deposit Mg:Ni, whereas solutions containing be- 
tween 38 per cent and 82 per cent Ni deposit MgNis. Р1о! {һе phase 
diagram. 


11 


ELECTROCHEMISTRY 


One of the most important single steps in establishing the electrical 
nature of the forces between atoms was the electrolysis experiments 
by Michael Faraday in 1833. He made two quantitative observations, 
now called Faraday’s laws: 

1. The weight of chemical substance produced in an anode or 
cathode reaction in an electrolysis cell is proportional to the quantity 
of electricity passed through the cell. 

2. The weights of two different substances produced by the same 
quantity of electricity are proportional to the equivalent weights of 
the substances in reactions between them or with other substances. 
One mole of electrons will have a total charge of 

=1.6021 x 1071? coulomb x 6.022 х 1023 mole 
—96,487 coulomb mole". 
This is called one Faraday, denoted by F. 

Faraday's laws have both the practical and theoretical significance. 
The discharge at a cathode of formation at anode, of 1 g equivalent 
of any ion requires the passage of one Faraday of electricity. The 


quantity + = є gives the value of the unit charge on the electron. 


Specific conductance. It is denoted by the symbol х (kappa) and is 


defined as 
1 1 
=(4) 2. (1) 
where / is the distance in cm between the electrodes, a is their area of 
cross-section in sq. cm, and R is resistance is ohms. 
Units of specific conductance: ohms * стг! ог mhos em". 
Equivalent conductance. It is denoted by the symbol A (lambda) and 
is defined by 
1 ) 1 1000 
-[—]|——x—— e ri 
^ =( a IR C (2) 
where C is the concentration of the solution in gram equivalents per 
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litre. It is the conductance due to all ions present in a solution con- 
taining 1 g equivalent of an electrolyte. 

Units of equivalent conductance: Ohm-! cm? едиіу.71 

Molecular conductance. It is denoted by the symbol p (mu). It is: 
the conductance due to all ions present in a solution containing 1 
mole of electrolyte. 

Degree of dissociation of a weak electrolyte. It is equal to the ratio 
of equivalent conductivity at any concentration to the equivalent 
conductivity A, at infinite dilution, i.e., 

A 
а =—- у. (3) 
Kohlrausch gave an empirical relationship between the equivalent 
conductance of an electrolyte at infinite dilution Ao and equivalent 
ionic conductivities of the anion and cation 
A= àt +N о 2. (4) 
àt and A, are the ionic conductances at infinite dilution of the 
cation and anion respectively. Е 

Determination of solubilities by conductance measurements. The 
conductance measurements can be used to determine the solubilities 
of simple sparingly soluble electrolytes. It is the solubility in gram 
equivalent per litre of a gram salt and х is the specific conductance 
of the saturated solution, then the equivalent conductance Л 15 given 
by, ; 

je 1000 x 1s (5) 
5 
In case of a sparingly soluble salt the saturated solution will be so 
dilute. that A will be nearly equal to A,, the equivalent conductance 
at infinite dilution 


Ао = 1000—— P (6) 
or 
1000 x 
= 0 
RS (7) 


Since the conductance of water is appreciable, the conductance of 
solute will be given by 
% solute = “solution — “water „в; (8) 
Transference number. During electrolysis, ions of the electrolyte 
migrate to oppositely charged electrodes. The ability of an electrolyte 
to conduct electricity is dependent upon the product of the total 
charge carried Бу the ion, multiplied by the velocity of the ion under 
the influence of electric field between the electrodes. 
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Current carried by an ion is proportional to the speed of that ion, 
so the total current carried is proportional to the sum of speeds of 
the two ions, i.e., 

t, ® О, (speed of the cation) 
t, « U, (speed of the anion) 
(tat t.) « (Uc РИ.) EO) 
The fraction of the current carried by anion is called its transport 
number. It is denoted by /, or í+ the transport number of the cation,. 
t, or t_ the transport number of the anion. 
pis Current carried by cation 
е Total current carried 
U. 
U.--U, 
Decrease in concentration around anode 
* — Total decrease in concentration around both the electrodes. 
Similarly 


te = 


t 


7. 7 
U.+U, 
jra Decrease in concentration around cathode 1 
..* — Total decrease in concentration around both the electrodes 
7 ... (10) 
Thus the transference number of an ion can be determined by deter- 
mining the change in concentration around an electrode and the 
amount discharged at any electrode or the number of equivalent of 
current passed. In order. to determine the number of equivalents of 
current passed, a coulometer is generally included in the circuit as the 
experimental solution, so that the same quantity of electricity passes 
through the same circuit. Hittorf’s method provides a simple method. 
for its determination. 

Sometimes ions discharged around an electrode attack and dissolve: 
it. In such cases there is an apparent increase of concentration 
around the electrode. Here the amount of the ion dissolved from an 
electrode is equal to the amouat deposited at the other electrode. 

The moving boundary method. The Hittorf method is less accurate 
for fairly dilute solutions, this is because small concentration changes 
occur when the current is passed. It has, therefore, been replaced by 
moving boundary method. According to this method. the transport 
number t, of a cation is given by the relation. 

IxaxFxc .. (11) 


1. = 


=. 


where 115 the distance through which the boundary moves, 


a is the 
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area of cross-section of the tube, F is Faraday, с is the concentration 
in gram equivalents рег с.с. and О is the coulombs of electricity 
passed. 

Problem 11.1. Exactly 200,000 coulombs of electricity are passed 
through the electrolysis cell containing copper sulphate solution that 
is designed to purify copper electrolytically. How much copper will 
plate on the cathode? 

Solution. The number of Faradays or moles of electrons, is 

А 200,000 coulombs 
96,487 coulombs mole ? 
The reduction of copper ions in solution occurs with the uptake of 
two electrons per ion. Cu?*--2e7— Cu, so every mole of electrons 
causes the deposition of half a mole of metallic copper. Hence the 
amount of copper deposited by 200,000 coulombs is 

220 moles moles = 1.035 moles of copper 

1.035 x 63.54 в mole = 65.8 g of Cu. 

Problem 11.2. A conductivity cell had a resistance of 468 ohms 
when filled with 0.001 М НСІ, a resistance of 1,650 ohms when filled 
with 0.001 M NaCl, and 1650 ohms when filled with 0.001M NaNO,. 
The equivalent conductivity of NaNO, is 121. Calculate the specific 
conductance of 0.001 M NaNO, and the cell constant. 


—2.07 moles of electrons 


с 
Solution. *NaNO; = ANaNO; X 7999 


р _ _121х0.001 
“NaNO; = Ту ^ 


*NaNO; = 1.21 1074 
К (cell constant) = xx R 
k (cell constant) =1.21 x 1074x 1650 
k (cell constant) = 0.2. 

Problem 11.3. When a certain conductivity cell was filled with 
0.020M КС! which has a conductivity of 0.2768 ohm m^, it hada 
resistance of 82.40 ohm at 25°C as measured with a wheatstone bridge; 
when filled 0.0025M К:504, it had a resistance of 326.0 ohm. Calcu- 


late (a) the cell constant, (6) the conductivity of K:SO, solution. 
Solution. хес = Сен х ИВ 


Coe = *KCI x А 


Соер = 0.2768 ohm™ m= x 82.40 ohm 
Coon = 22.81 т^, 


*K;S0, = Соер X 1/R 
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1 
326 ohm 
*K35S01—6.997 x 107° ohm! m7}. 

Problem 11.4. The resistance of a decinormal solution of a salt 
occupying a volume between two platinum electrodes 1.80 cm apart 
and 5.4 cm? in area was found to be 50 ohms. Calculate the equi- 
valent conductance of the solution. 

Solution. The equivalent conductance of the solution 


1 1 ..1000 
^= (+ вх с" 


. where 1—1.80 cm 


“КО,  —2281 mx 


R=50 ohms 
C=0.1 equiv. 
Substituting the values of these parameters we get 
1.80 1 1000 
A= б) 50% 01 
—66.66 ohm™ cm? equiv. 
Problem 11.5. The equivalent conductivity of a normal solution at 
18°C is 98.2 and for infinite dilution at the same temperature it was 
131. Calculate the degree of ionisation of КС! at this dilution. 


Solution. a= ae 
Лоо 


Av=98.2 
Væ =131 
98.2 
a ELTE ТӘ 
Problem 11.6. The conductivities at infinite dilution at 25°C of NH4CI, 
NaOH and NaCl are 129.8, 217.4 and 108.9 mhos respectively. If 


im solution of NH,OH is 9.33 mhos, 


calculate the degree of NH,OH at this dilution. 
Solution. ^oNH,OH = AoNH,CI F ÀoNaOH—ÀoNaCI 
—Mowg HAocj-+ào yart Aoo -—AoNat—Aoci- 
oyp, op = 129-8+217.4—108.9 
Ломнон=238. 3 mhos 


the equivalent conductance of 


№мн.он _ 9.33 =0.0392 or 3.92 per cent. 


~ ÀoNH,OH m2385 
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Problem 11.7. The equivalent conductance of silver nitrate solution 
at 25°C for an infinite dilution was found to be 133.3 ohm"! cm? 
equiv ?. The transport number of Ag* ions in very dilute solution of 
AgNO; is 0.464. Calculate the equivalent ionic conductances of Agt 
and NO; ions at infinite dilution. 

Solution. Ionic conductance of 

Ag*, Л др+ 0.464 x 133.3 
=61.9 ohm"! cm? equiv! 
Tonic conductance of 
NO,, No, = 133.3—61.9 
=71.4 ohm^ cm? equiv}. 
Problem. 11.8. А 0.05 N solution of a salt occupying a volume 
‚ between two platinum electrodes separated by a distance of 1.72 cm 
and having an area 4.5 sq.cm has a resistance of 250 ohms. Calculate 
the equivalent conductance of the solution. 


Solation. Specific conductance, x=(4 ) all 


R 
„(17 с 
С А 45 250 
x=1.528 x 10-3 
Equivalent conductance, a=% 


1000 
=1.5 UT 
A=1.528 x 10 х 0.05 
430.56 ohm! cm? equiv}, 
) Problem 11.9. The equivalent conductance A of an acqueous solu- 
tion eu 1.0283 x 107° g equivalent acetic per litre 48.15 ohm^! cm? 
at 25°C; A, is 390.7 ohmi cm*. Calculate the degree of dissociation. 


Solution, «= ^- 


А = 48.15 ohm^! сш? 
Ло = 390.7 ohm?! cm? 

— 48.15 ohm"! cm? 
* = 390.7 ohm"! cm? 
a = 0.1232. 


Problem 11.10. A potential of 5.60 volts is applied between two 
electrodes placed 9.80 cm apart; how far would an NH,* ion be ex- 
pected to move in hour in a dilute solution of an ammonium salt at 
25°C? The ionic conductance of NH;* ion at 25°C is 73.4 ohm"! cm?. 
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Р 73.4 
5 an + = ——— 
Solution. Mobility of NHs* ion = 96-500 


= 7.61 x 10-4 cm sec ?. 


The potential gradient — 9.80 


0.571 volt cm 3 


The actual velocity of NH,* ion = 7.61 x 107% x 0.571 
= 4.34 X 10+ cm sec 


| 


The distance moved by the ion in the solution in 1 hour 
= 4.34x 10-4 x 3600 cm. 


= 1.56 cm. 


Problem 11.11. In a Hittorf experiment aqueous silver nitrate solu- 
tion was electrolysed between silver electrodes. The amount of silver 
nitrate in the anode compartment was 0.228 g before electrolysis and 
0.2818 g after electrolysis. During the electrolysis 0.0194 g of copper 
was deposited on the cathode of a copper coulometer in series with 
the Hittorf cell. Calculate the transport numbers of the Ag* and 
МО; ions. 

Solution. The amount of Ag* in the anode compartment before 
electrolysis is 

02278 
170 


The amount of Ag* in the anode compartment after electrolysis is 
02818 = 1.658 x 10-3 mole. 

The increase of Ag* during electrolysis is 0.318 x 107° mole. If no 
Ag* ions had migrated out of the anode compartment this increase 
would have been 

0.0194 


лата. = 3 
31.75 mole = 0.611 х 107? mole 


+. The amount of Ag+ which has migrated is (0.611—0.318) X 1073 
mole = 0.293 x 10-3 mole. 


mole = 1.340 x 107° mole 


s Л .293 x 107? 
. Transport number of silver ions, fag^— S = 0.480. 


Transport number of nitrate ions, іхоз = | — 0.480 = 0.520. 


_ Problem 11.12. The speed ratio of the silver and nitrate ions in a 
solution of AgNO, electrolysed between silver electrodes is 0.916. Cal- 
culate the transport number of the two ions. 
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Speed of cation Fall around anode 
Speed of anion Fall around cathode 
EI 
EE 
where t_ is the transport number of the anion. 


Solution. 


= 

aree ls 0.916 

1—t_ = 0.916 t. 
t_ = 0.521 
ty = 1—{_ = 1-0.521 
1, = 0.479. 


Hence the transport number of the anion and cation are 0.521 and 
0.479 respectively. 

Problem 11.13. For a saturated solution of AgCl at 25°C, x for 
water used for preparing the solution was 1.60 x 10-6 ohm! cmt, 
Determine the solubility of AgCI in water, in moles per litre at 25°C. 

AoAgci = 138.3 ohm"! cm 


Solution. * AgCI = *AgCI (saturated solution) — X water 


* AgCl = (3.41 — 1.60) 1075 
* AgCI = 1.81 х 10-8 


х 
A.= 1000 E 


x 
S= 1000 m 


1000 x 1.81 x 1075 
138.3 
S= 1.31 х 10-8 g equivalent litre". 

Probiem 11.14. Hittorf cell contains 0.1 M CuSO; solution and has 
Copper electrodes. After passage of certain quantity of electricity, it 
is found that the anode solution gains 0.006 mole of CuSO1, but that 
the total weight of the anode compartment had not changed in weight. 
Calculate the number of Faradays passed through the cell and the 
transport number of $0.27 ion. 

Solution. The reaction occurring at the anode on passing one 
Faradary, is, 

| $ Cu = Сие 

On the passage of electricity, the anode compartment loses t+ equi- 
valent of Cu?* and gains t- equivalents of SO,2°; the net change in 

the compartment is then gain of t_ equivalents of CuSO4. However, if 


$= 
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the anode plus anode compartment. is weighed the only change in 
weight that occurs is due to the loss of Cu?* and the gain of t_, 5047 
ions. Since there is no change in weight, we have, 


«(82) == (3) 


from which t} = 0.60 and t_ = 0.40. The net gain of 0.006 mole or 
0.012 equivalents of CuSO, than corresponds to 0.012/0.40 = 0.030 
faraday. : 

Problem 11.15. Іа а moving boundary experiment with 0.100 № 
KCl, using 0.0653 LiCl as indicator solution, a constant current of 
0.005893 ampere was passed for 2130 sec and the boundary was 
observed. to move through 5.60 cm in a tube of 0.1142 $4. cm cross 
section. Calculate the transference numbers of K+ and СГ ions. 
ІхахЕхс 

Q 
О = 0.005893 x 2130 coulombs ` 
с = 10 g equivalent per c.c. 
1 = 5.6 ст 
а = 0.1142 sq. cm 


5.60 x 0.1142 x 96,500 x 1074 


Solution. /+ = 


er 0.005893 x 2130 
t, = 0.492 
t. = 0.508. 


Hence the transference numbers of К+ and СГ are 0.492 and 0.508 
respectively. 


EXERCISES 


11.1. A Cu?* solution is electrolysed using a current of 3.0 amp. What weight 
of copper will be deposited in 30 minutes? [Ans. 1.78 g.] 
11.2. In the electrolysis of a CuSO4 solution what volume of oxygen at STP is 
liberated at the anode in the time that it takes to deposit 5.08 g of Cu on 
the cathode? [Ans. 0.896 litre.] 
11.3. Ten amperes of current flowed for one hour through water containing 
little sulphuric acid. How many litres of gas were formed at beth elec- 
trodes at 27°C and 740 mm pressure? ‚[Апз. 7.08 litres.] 
11.4. A current of 0.5 ampere is passed through alkaline aqueous solution for 
one hour. What volume of hydrogen will be evolved at 17°C and 750 mm 
pressure? Given that one coulomb of electricity deposits 0.001118 g of 
silver. [Ans. 234.6 с.с] 
11.5. An electric current is passed through three cells connected in series con- 
taining respectively solutions of CuSO4, AgNO» and KI. What weight of 
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Ag and I, will be liberated when 1.25 g of Cu gets deposited? 
[Ans. Ag = 4.28 в, I» = 5.00 g.] 
11.6. The equivalent conductance of 0.100N solution of MgCl: is 97.1 cm?/ohm 
equivalent at 2-°C. A cell with electrodes that are 1.50 cm? in surface area 
and 0.50 ст apart is filled with 0.100N MgCl». How much current wil! 
flow when the potential difference between the electrodes is 5.00 V? 
[Ans. 0.146 атр.] 
11.7. Given the following ^; values at -25°C in cm*/ohm equivalent; AgNOs. 
133.4, KCI 149.9; KNOs 144.9 (a) What is the equivalent conductance at 
infinite dilution of AgCI? (Б) Silver chloride is only slightly soluble in 
water, and a saturated solution or AgCI may be regarded as infinitely 
dilute. At 25°C, the specific concuctance К, of a saturated- solution is 
1.80x 107" ohm"! стт! after correction for the conductance of pure water, 
What is the solubility of AgCI in moles per litre at 25°C? 
[Ans. (a) 138.4 cm? ohm-^! equivalent, (Б) 1.30 10-°M.] 
` 11.8. At 25°C the resistance of a cell filled with 0.01 дета! KCI solution is 255 
ohms. The resistance of the same cell filled with 0.1N NH,OH is 2030 
ohms. What is the degree of dissociation of NH4OH in this solution? 
[Ans. «=0.0134.] 
11.9. A conductivity cell filled with 0.01 ета! KCI solution gives at 0°C а 
resistance of 11,210 ohms. The distance between the electrodes in the cell 
is 6 cm. Calculate (a) the cell constant, and (b) the average cross-sectional 
area of the electrodes. ГАпз. (a) 8,673, (^) 0.069.] 
11.10. At 25°C the equivalent conductance of propionic acid at infinite dilution 
is 386.6 ст? cquiv-! ohm-!, and the ionization constant is 1.42 X 10-5, 
Calculate the equivalent conductance of a 0.05N solution ofe propionic 
acid at 25°С. [Ans. 632 cm? equiv-? ohm] 
11.11. The spszific conductance at 25°C of a saturated aqueous solution of 
SrSO, is 1.482 10-4, while that of water used is 1.5X107* mho ст". 
Determine at 25°C the solubility in grams per litre of 5150 in water. 
[Ans. 0.0967 g/litre.] 
11.12. The resistance of a conductivity cell is 220,000}, when it is filled with 
water, 1005), when filled with 0.02 М KCI, and 102.000 Q, when filled with 
water saturated with AgCI. The equivalent conductivity of AgCI is cal- 
culated to be 126.8 at 25°C, whereas that for KCI is known to be 138.3. 
Assume that the solutions are prepared with water of the same resistance 
as given above. Calculate (a) the cell constant, (5) the specific conductivity 
of the saturated solution of AgCl. Neglect the variation of equivalent 
conductivity with concentration. [Ans, (а) 0.277, (b) 2.71 x 10-*.] 
11.13. When a solution ‘of ‚specific conductance 1.342 X 107? ohm? cm-* was 
placed in a cell with parallel electrodes, the resistance was found to be 
170.5 ohms. The area ofthe electrodes was 1.86 sq. cm. Determine the 
distance between the electrodes and the cell constant. ғ 
К [Ans, 4.254 cm, 2.88.] 
11.14. A conductivity ;cell having a resistance of 9950 ohms with N/10 acetic 
acid at 25°C, had a resistance of 3735 ohms with N/100 KCI at 25°C. The 
specific resistance of N/100 KCI at 25°C is 721 ohms. Calculate the speci- 
fic conductance and equivalent conductance of acetic acid. 
[Ans, х=5.77 X 107! ohm? ст-!, ^=5.77 cm? ohm— equiy~!.] 


11.15. 


11.16. 


11.17. 


11.18. 


11.19. 


11.20, 


11.21. 


11:22. 


11.23. 


=> 


11.25. 
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A N/50 solution of a weak acid has a specific conductivity of 3.129 х 107* 
mhos. The dezree of dissociation of the acid is 0.0447. Calculate the value 
of equivalent conductivity at infinite diluiion. 
[Ans. 35 cm? ohm-! equiv!) 
The equivalent conductance of N/32 solution of a weak acid is 9.2 ohm~* 
cm? equiv". If the equivalent conductance of this acid at infinite dilution 
is 385 ohm-! cm? equiv—', what is the dissociation constant of the acid? 
[Ans. 1.88 X 107? mole litre-!.] 
In a conductance cell, the resistance of a 5X10-* mole dm-? aqueous 
solution of potassium chloride and a sample of water with which this 
solution was made are 6.13 X 104 ohms and 8.0х 10° ohms respectively at 
25°C, Calculate the molar conductivity of 5х 10-* mole dm~? aqueous 
potassium chloride at this temperature. The cell constant of this cell is 
456.5 m^. [Ans, 1.478 X 107? ohm-^! m? mole-!.] 
The limiting molar conductivities of aqueous ammonium chloride, sodium 
chloride and sodium hydroxide are 1.497 х10-*, 1.2645 X 10-* and 2.478 x 
10-2 ohm-! m? mole-! respectively at 25°C Calculate the Jimiting molar 
conductivity of aqueous ammonia at this temperature. 
[Ans. 2.7105 х 10-* ohm-! m? mcle-*.] 
The limiting molar conductivity of aqueous sodium chloride is 1.089 x 107? 
ohm-! m? mole? at 18°C and the transport number of the sodium ions in 
this electrolyte is 0.395. Calculate the limiting mobilities of sodium and 
chloride ions at this temperature. 
[Ans, Ionic mobility of Nat=4.46 x 10-8 m*s-? v-! ionic mobility of 
Cl-—6.83x 107* m? s! v-*.] 
To determine the cell constant of 2 conductivity cell, a student fills the 
cell with a 0.0100M KCI solution and measures the resistance of cell to 
be 635.2 ohms. What is the cell constant for the cell? [Ans. 0.01114 m.] 
Kohlrausch found from conductivity measurements on very pure water 
that the degree of dissociation of water is «—1.9X10-*. Determine the 
molar conductance and the conductivity of water at this temperature. 
[Aus. ^—1.04 X 10? ohm-! m? mole^!, K—5.77 X 107* ohm-! m~*.] 
At 18°C the conductivities at infinite dilution of NHiCl, NaOH, NaCl are 
129.3, 217.4 and 108.9 mhos respectively. If the equivalent conductivity of 
N/100 solution of МНаОН is 9.33 mhos, calculate the degree of dissocia- 
tion of МН:ОН at this dilution. [Ans, 3.92 per cent ] 
The specific conductance of a solution of a weak acid is 2.1x10~* mho. 
At the same temperature the ionic conductances of the two ions are 349 
and 76 ohm-! ст? respectively. Calculate the degree of dissociation of the 
acid in the above solution of N/10 concentration. [Ans. 4.97 x 107?.] 


. The molar conductivity at infinite dilution of AgNOs, NaCl and NaNOs 


is 116.5, 110.3 and 105.2 mhos respectively. The specific conductivity of 
AgCI in water is 2.40 10-* mhos, and of water used in the experiment is 


1.6x 107* mho. Calculate the solubility of AgCl. 
[Ans. 1.462 10-3 g/litre.] 


A conductance cell with a constant of 2485 cm7 is filled with a 0.1N КСЕ 
solution for which A=141.3 ohm-! cm? at 25°C. If the specific conduc- 


tance of the water is 1.0: 10-* ohm? стт", what is the resistance of the 
solution? (Ans. 2150 ohms.] 
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11.26. When water with a specific conductance of 1.12 10-6 ohm-! cm= was 
saturated at 25°C with barium sulphate the value of specific conductance 
increased to 4.63 x 10-8 ohm-1 em. Calculate the solubility of barium 
sulphate at that temperature. [Ans, 2.85 mg/litre.] 

11.27. A 4.00 molal solution of MCls was electrolysed between platinum electro- 
des. After electrolysis, the cathode Portion in the Hittorf apparatus was 
3.15 molal in MCls and 1.00 molal in MCl:. What was the transference 
number of M?*? [Ans. г мз+=0.45, 1c1-—0.55.] 


11.28. A certain volume of the anode solution contained 13.1426 g and 1.25533 g 
Of silver at the beginning and at the end of the transport experiment. The 
weight of silver deposited 'at the cathode during the experiment was 
1.2591 g. Calculate the transport number of silver and nitrate ion. 

[Ans, LAg* 70468, "о, =3.532.1 

11.29. A dilute solution of copper sulphate was electrolysed using platinum 
electrodes. The amount of copper per unit weight of the anodic solution 
was found to be 0,6350 в and 0.6236 в, before and after electrolysis respec- 
tively. The weight of Silver deposited in a silver coulometer placed in 
Series was found to be 0.1351 g. Calculate the transport numbers of Cu?* 
and SO,*- ion. The atomic weight of Ag— 107.88 and of Cu— 63.6. 

11.30. A 4.00 molal solution of MCI; was electrolysed between platinum electro- 
des. After electrolysis, the cathode portion in the Hittorf apparatus was 
3.15 molal in МСІ and 1.00 тоа! in МСЬ. What was the transport 
number of M?*? [Ans, 0.45.] 

11.31. A solution containing 3.654 g of KCI per 100 g electrolysed using a cathode 
consisting of Ag coated with AgCI. By passing current which deposits 
1.978 g of silver ina coulometer 122,93 в of cathode solution was found 
to contain 5.136 8 KCI. Calculate the transference number of К+ ions, 


electrolysed between silver electrodes is 0.916. Find the transport number 
of ions. (Ans. t4 g+=0.4}8, 1NO,- 70.522. 
11.34. A silver nitrate solution containing 0.00739 g of AgNO, per gram of H:O 
is electrolysed between silver electrodes, During the experiment 0.078 g of 


portion contains 23.14 g of H:O and 0.236 g of AgNOs. What are the 
transport numbers of Ag* and NO,-? [Ans, tagt =0.47, 1N9,-70.53-1 


of chloride ions before the electrolysis and 0.163 g afterwards. A silver 
Coulometer in a series had a deposit of silver equivalent to 0.0825 g of 
chloride ions. What are the transference numbers of H+ and CI” ions? 


[Ans. г, =0.830, tcy-=0.170.] 
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11.36. In an experiment, AgNOs solution was electrolysed between silver elec- 
trodes. The silver ions in the anode compartment increased by 0.030563 g 
equivalent. The silver deposited in a voltameter placed in the circuit was- 
0.114 в. Calculate the transport number of silver ions (at. wt. of Ag=108). 

[Ans. 0.467.] 

11.37. A moving boundary experiment is carried out with а 0.1N solution of 
hydrochloric acid at 25°C (x=0.0424 оһт-! cm-") Sodium ions are 
caused to follow the hydrogen ions. A current of three milliamperes is 
passed through the tube of 0.3 ст? cross-sectional area, and it is observed 
that the boundary moves 3.08 cm in 1 hour. Calculate (а) the hydrogen 
ion mobility, (b) the hydrogen ion transference number, and (c) the 
chloride ion mobility. 

[Ans, (а) 3.36X 1075 cm? volt sec^?, (b) 0.826, (c) 76.6x 10-5 cm? volt-t 
sec-t.] 

11.38. The transport number of Ав? ions is AgNO» is 0.48. The equivalent 
conductivity of AgNOs at infinite dilution is 120 mhos. Calculate the ionic 
mobility and absolute velocities of two ions. 

[Ans. Ionic mobilities: Ag*—57.6 mhos; NO;-=62.4 mhos. Absolute 
velocities cm $ес-1: Ag*—5.97x 10-4 NOs7—6.32X 10-*.] 
11.39..1п a moving boundary experiment with 0.02N NaCl using an autogenic 
rising boundary from a cadmium anode, a current of 0.0016001 ampere 
was passed through the solution in a tube of 0.1115 cm? cross-section. The 
time taken for the boundary to move various distances was as follows: 
Distance(c) 0 1.00 3.00 6.00 8.00 10.00 
Time (sec) 0 344 1036 2070 2757 3454 
[Ans, 0.3893.] 

11.40. In a moving boundary experiment, the boundary between а 0.0998N 
solution of calcium chloride and a lithium chloride solution swept through 
a volume of 1.11 cm? in 4406 sec, using a current of 5.594 х 10-3 amp. 
Calculate the transport number of Ca** ion. [Ans. 0.4341.] 

11.41. The transference number of Na+ in dilute NaCI solution is 0.4 and ^ла-= 


75. The following resistances have also been measured for a conductivity 
cell filled successively with indicated solution 0.1M KCI solution, 7000 
ohms, а solution 0.1M in KCI and 0.2M in NaCl 2600 ohms. Calculate A 
* KCI from the above data. [Ans. 147 ohm-! cm?.] 
11.42. Solution Aconsists of 50 ml of 0.02M NaOH and solution В of 50 ml of 
0.0446М НСІ. The à values for H+, Na*, OH- and СГ are 350, 50, 200 
and 75 respectively. The two solutions are now mixed. Calculate the 
transference number о? Na* ia the mixture and also the specific conduc- 
tance of the mixture. [Ans. пча+=0.0725, x=6.9 x 10-5] 
11.43. Calculate the velocity of Li* ions in 0.1M LiCl, when a current of one 
ampere is passed through a column of the solution. The cross-sectional: 
area of the column is 2 cm*, and the equivalent conductivities of Lit and 
СГ ions are 40 and 75 respectively. [Ans. 1.8 10-2 cm/sec. 
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IONIC EQUILIBRIUM 


INTRODUCTION 


їп a solution of any electrolyte there should be an equilibrium be- 
‘tween the free ions, and undissociated molecules. There exists follow- 
ing equilibria, 
MA>M++A4- 
"the equilibrium constant is 
Kee MY ЗАС. ... 
амА 


For weak electrolytes, the ionic Concentrations are low and the 


solutions do not deviate appreciably from ideal behaviour. The 


activities can, therefore, be re placed by concentration. Equation (1) 
"сап therefore be written as, 


aie 
kn дыш $9 (2 
К. (18) (2) 
"Where С is the concentration in moles per litre and « is the degree 
of dissociation. Since V = us 


с: the volume in litres occupied by 
1 g mole of the electrolyte, we have, 

E 
(Саур ise: è (3) 
“This equation representing the variati 
"with dilution is known as the Ostwald’ 

The pH. The pH of a solution is defined as the negative logarithm 
‘to the base 10 of the hydrogen ion concentration in gram ions per 
litre. Thus 

pH= — log [H*] ves (4) 

In an aqueous solution, the ionic Product of wateris expressed as, 


c 


on of degree of dissociation 
$ Dilution Law, 


ан+. ано- == Ку 
= 10-м 
‘In homogeneous reactions, all com 
а reactants and products are 


‚ (5) 
p die, 
aseous 


ponents аге in а single phase. 
either in solution or in the g 
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state. The reactions in which all the components are not in a single 
phase are called heterogeneous reactions. For example, in a saturated 
Silver chloride solution containing some solid AgCl, the equilibrium 
is, 

AgCl(s) = Ag* (in solution) + СГ (in solution) 
For this reaction the equilibrium expression is 


—.[AgICr] _ 
Ка= [AgCI ©] ... (6) 
Equation (6) can be saien as 
[Ag*] [СГ] = K.,. [AgCI (s)] «D 
Since the аша of [AgCI (s)] is constant, we can write, 
[Ag*] ег: ] = К,» . (8) 


K,, is called the solubility product constant. The insoluble salt. MA 
will precipitate from solution whenever [M+] [47] exceeds К, зр. If the 
solubility product constant and the concentration of one of the 
ions is known, the concentration of the other ion in solution may be 
calculated. Addition of a common ion will change the position of the 
solubility equilibrium. Thus addition of СГ will shift the following 
reaction to the left. 
AgCI (5) = Agt +Cl- 

If K,, is known, then the quantitative aspects of the shift in the 
equilibrium may be calculated. 

Hydrolysis: When salts of a strong base anda strong acid are 
added to water, the hydrogen ions concentration remains unchanged. 
However, when salt formed from strong acids and weak bases or salts 
formed from weak acids and strong bases are added to water, the 
hydrogen ion concentration changes because of a reaction between 
the ions salt and water. The reaction is called hydrolysis. 

Hydrolysis of a salt of weak acid and strong base. Consider the 
hydrolysis of a salt BA formed by combination of a weak acid HA 
and a strong base BOH. Here the hydrolysis will be due to the anion 
of the acid and is represented as, 

A~+H20 = НА+ОН- one ©) 
From the law of Mass Action, 
анд ‘аон 
а . (10) 
The constant K;, known as the hydrolytic constant of A^, determines 
the extent to which the ion A^ will undergo hydrolysis 


К» 
LIEN зи Ет 
where Ка is the ionization constant of the acid and K, is the ionic 
product of water. 


K, 
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Hydrolysis of a salt of strong acids and weak bases. In salts of this 
category the cation B* of the weak base will suffer hydrolysis accord- 
ing to the reaction, 


Bt+H:0=BOH+H* | е СТ) 
The hydrolytic constant К, will be given by 
K, 
= т. swe GED! 
K, = (13) 


where K, is ionization constant of the base. 

Hydrolysis of a salt of weak acids and weak bases. In this case the 
salt BA is the product of the interaction of a weak acid HA and a 
weak base BOH, such as ammonium acetate. Both the cation and the 
anion of the salt undergo hydrolysis according to the reaction, 


В+--А---Н.О= BOH+HA « (14) 
The hydrolytic constant К» is given by 
K, = pas | „е (Шо) 


Buffer solutions. Solutions composed of an acid and one of its 
Salts or of a base and One of its salts, possess the ability to resist to 
Bes, in pH when some acid or base is 
ons, which resist changes in pH when 
called buffer solutions. Buffers are used 


necessary to keep the pH of a solution constant. The pH Change of 
a buffer solution is given by the relation, 


EIS Salt ў 
РН = РК, +108 a Ж 
pH indicators. Indicators are used to d 
Point in titration of solutions о 
solution, ie, а Solution who. 


etect the equivalence 
f unknown strengths with a standard 


ionizes as, 

Hy, +H20 = H;0*+3,-. 

. The unionized molecule Hr, 
base 7,7. f 

H30*] [7,7 

Ky не as (ТЕУ 

where Rye is known as indicator Consta 

brackets stand for the concentration o. 


#1 (17) 


differs in colour from its conjugate 


ntand the various terms in 
f the respective Species 
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[7] 
Кү. 1 
pH pr, 10g [Hz] wee (19) 
DK;, = — log Kr, is known as indicator exponent 
pH = pK,,+1 =a 100) 


The indicator is between these two extremes. This is known as useful 
indicator range. 
Problem 12.1. Calculate the pH of a 0.56 mole dm ? aqueous 
solution of potassium hydroxide assuming ideal behaviour. 
Solution. A 0.56 mole dm ? solution of K*OH- will contain 0.56 
mole dm? of OH 
[OH ]—5.6X 107! mole dm? 
Beds РОН = —log [OH] 
РОН = —-log (5-64-1071) 
pOH = —log (1.75) 
pOH = —(—1+0.75) 
РОН = —(—0.25) 


pOH = 0.25 
pH+pOH = 14 
pH = 14—0.25 
pH =13.75. 


Problem 12.2. Find the pH of a 1.00х 107° molar solution of 
НСІ. The ionic product of water is 10714, 

Solution. Since [Н+] [OH ]—1.00 x 10714 s vts CL) 
A mass balance on chloride ion combined with the charge balance 
gives the proton condition, 

| [OH ]- [H*]—1.00 x 1077 10) 
Since the solution is so dilute, [OH ] is not negligible compared to 
1.00х 10-7 and the equations must, therefore, be solved exactly. 
Substitute the value of [OH"]from Equation (2) in (1) we get 
[9+]2—1.00 х 1077 [H*]—1.00 x 1071—0 ... (3) 
On solving Equation (3) for the positive root we get 
[Н+] = 1.62x 1077 
pH = 6.79. 
Problem 12.3. What is the pH value of a solution in which 


[HsO+] = 3.0 x 10-3 g іоп//? 


Р ЖИН" l detina (=) 
Solution. pH=log [HOW ов 379-3 7108 3 
pH=3—0.48 =2.52 
pH=2.52. 
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Problem 12.4. Calculate (i) the [H,O*], and (ii) JOH] of a solution 
that has a pH value of 6.5. 
Solution. (i) [НзО+]-=10 PH 
[H30*]—10^*:5 
[HsO*]= 1077 x 10:5 
[H307*]—3 x 107? р ion/I 
(ii) 10*s—Number whose log is 0.5—3 
Since. [H,O*] [OH ]=1х 1074 


codo d c MAN 
ОН хто 7310 


[OH ]—3.0 x 10-3 р ion//. 

Problem 12.5. Find (a) [H3O* 

0.2M acetic acid solution. The 
1.8 x 1075, 

Solution. Acetic acid ionizes as, 


CH;COOH+H:0=CH,COO-++H,0+ 
[90+] [СН:СОО-] 
[CHsCOOH] 
Concentration of acetic acid is 0.2 mole//. Let x =[H,0*] then 
0.2—x=[CH,COOH] 
xx 
1.8x 10 = 
x=1.9 x 1073 
[Н:0*]= 1.9 x 10-3 g іоп// 
_ Let y be the fraction of acetic aci 


0.2 y=1.9 x 10-3 


1.91073 ^ ы 
y—7— 03 —=9.5 x 10-2=0,0095 


], and (b) percentage ionization of 
ionization constant of acetic acid is 


Kionization = 


d ionized, 


or 


Solution. The centre of the 
ing the pH values, since pHs 


the range can ‘be determined by averaging the Corresponding con- 
centrations of H+, 


pH=3.1 
log [H*]=—3,1=0,9_-4 9 
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[H*]—7.9 x 10-4=79.0 x 1075 
pH=4.5 
log [H*]— — 4.5—0.5—5 
[9+]=3.2 x 1075 
Average [H*] 79.0x 108132 х 1075 
=4.1x 1074 
where [H*]=4.1 x 10-4 M, K=[H*] 
ee K=4.1x10™ 
Problem 12.7. What is the pH of a solution. for which [OH] 
—0.15M? ' 
Solution. [OH ]—1.5 x 107 
log [OH ]—log 1.5+log 1071 
=0.2—1 


Problem 12.8. What is the [Н+] of a solution with а pH of 10.67 
Solution. pH=—log [H*]=10.6 
log [Н+]=—10.6 
—0.4—11 
—antilog 0.4 x 10 antilog (—11) 
[9+]=2.5 x 101 
Problem 12.9. To 10 cm? of 0.1 mole dm"? НСІ was added 9.6 сга? 
of 0.1 mole dm^? NaOH. Calculate the pH of the final solution. 
Solution. Since 9.6 cm? of 0.1 mole dm™ NaOH will completely 
neutralize an equivalent quantity of the strong acid, НСІ. 
HCI--(Na*)OH-—H;O-r(Na*)CI 
Since 10 cm? of 0.1 mole dm? НСІ was initially present, a quantity 
equivalent to 0.4 cm? of 0.1 mole dm™ НСІ will remain unneutra- 
lized in the solution whose total volume is now 19.6 cm?. 
<. Concentration of НСІ remaining neutralized 
—0.4/19.61 x 0.1 mole dm ? 


=2.04 x 10? mole dm ? 
[H*] in 1 mole dm? НСІ=1 mole dm ? 
<. [H+] in 2.04 x 1073 mole dm~? НСІ 
—2.04 x 10? mole dm ? 
pH=~—log [H*]=—log (2.04 x 107°) 
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pH=—3.31=—(—3-+ 0.31) 
рН=2.69. 

Problem. 12.10. А solution is made 1.00 х 10-3 M in Ag* by adding 
enough water to 1.00х 107? moles of AgNOs to make 1 litre of 
solution. Will any AgCl precipitate if 10.0 х 107* moles of NaCl is 
added? Ksp for AgCI is 2.8 x 1071? mole?/I?. 

Solution. Silver chloride (AgCI) will precipitate provided the 
product [Ag+] [СГ] exceeds 2.8 x 10-10 то]е?/1°, AgCI precipitates. 

[Ag+] =1.00 x 10-3 М; [CI-]=1.00 x 10-4 M 
The product of these two quantities (1.00x 1077 mole?/12) is much 
larger than 2.8 x 10-19 mole?/I?. Therefore some AgC] must precipitate 
until the condition 
[Ag*] [СГ] 22.8 X 1071? mole?/I? is reached. 

Problem 12.11. A solution is 0.010 M in cuprous ion (Cu*) and 
0.0010 M in lead ion (Pb*). Chloride ion is Slowly added. Will РЫСИ, 
(Ksp=1.6 х 1075 mole*/I*) or CuCl (K5—3.2 x 10-7 mole?/l?) precipi- 
tate first? Show why. 

Solution. The ionic reactions occurring in the solution are 

PbClsz2Pb**--2CI- 
CuCI-Cu*--CI- 
Jead chloride precipitates when 
[Pb?*] [С]? = К. = 1.6 x 10-5 mole?/I$ 
In this case 
[Pb?:]—0.0010 M 
"Therefore, PbCl, precipitates when 
[СГ]= x 13x 10-1 М 
Cuprous chloride precipitates when 
[Cu**] [CI-]—3.2 x 1077 mole?/l2 
In this case, 
[Cu*]=0.010 м 
Therefore, CuCl precipitates when 
MCI) -7 
[cr]-22* Ei =3.2 x 10-5 М 
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Solution. Thallous chloride undergoes dissociation as under: · 
ТІСІ (s) TI*4-CI^ 
Ks—[TI*] [CI-] 91.7 x 107* 
The solubility of TICI- C 
Е] =[СГ]=С 
С2=1.7 х 1074 
C=V1.7xX104=1.3x 107° mole/litre 

Problem 12:13. The average of several determinations of the solubi- 
lity of silver chloride in water at 25°C was 0.00194 g/litre. Calculate 
the pKs of AgCl by using this value. 

Solution. AgCI (s)&Ag*--Cl ` 

Ks=[Ag*] [СГ] 
[Ag*]-- [CI ]- C 
AgCl= 107.87--35.453= 143.323 
_ 35.453 
© 143.323 
т 1.94 x 1073 
C= x10 
Ks=(1.36 х 1075)?=1.85 x 10710 
pKs=—log Ks=—log (1:85 x 10719) 
pKa=—(0.27+(—10.00)]=—(—9.73) 
pKa=9.73. 

Problem 12.14. A solution is prepared by dissolving 0.10 mole of 
NHs gas in enough water to make 1.0 litre of solution. What is the 
[ОНТ] in the resulting solution? К for the reaction МНаОН == NH4* 
-FOH" is 1.8 х 107° mole/l. 

Solution. For the equilibrium, 

NH4OH = NH,* + ОН” 
[NHa*] [OH] _ , gy. р-з 
рае 
Let x = [NH4*] formed by the dissociation of NHsOH. 
= [NH«*]=[OH] 
[NHsOH]=0.10—x 


Assuming x <<<< 0.10 


Ya 2 
dig = 1810" 
x = [OH ]=1.3x 103M 
Problem 12.15. Calculate the solubility of ethanoate in moles per 
dm? if the solubility product at 30°C is 4.9 10-3 mol? йт. 


g/mol 


=1.36 x 1075 mole/litre 


Kees 
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Solution. СНСОО Ag+ = Ag*+CH,COO- 
ions in solution 
K,=[Ag*] [СН.СОО` ]—4.9 x 1073—49 х 10-4 mol? аш 8 
Since the ethonate and silver ions are produced in equal quantity in 
solution when the salt dissolves, the solubility of silver ethanoate is 
s = [Ag*]-[CH:COO ]— V K, =У@9х 1074) 
$ = 7х 107° mole ? dm? J 
s = —(3.31)=—(—3+0.31) 
s = +2.69. 

Problem 12.16. То 35 cm? of 0.02 mole dm™? acetic acid were 
added 10cm? of 0.05 mole dm™ sodium hydroxide. What is the pH 
of the solution? pK, of acetic acid — 4.74. 

Solution. Let us express all quantities as their equivalent in ст? of 
а 0.02 mole dm"? solution. 

Initial Final 

487 = negligible Ac” = NaOH added 

10 cm? of 0.05 mole dm? 
= 25 cm? of 0.02 mole dm"? 

HAc = Initial HAc—Ac-produced 
= 35—25=10. 


HAc = 35 


Thus in the final solution : 
[4c] = 25 cm? of 0.02 mole dm- solution diluted to 45 cm’, 
[HAc] = 10 cm? of 0.02 mole dm™ solution diluted to 45 cm? 


[4c] 25 
[Н Ас] “ЛОР 2:3 


РН = 4.74-+log 14°] 


[НА] 
РН= 4.74 log 2.5 
РН= 5.14. 


Problem 12.17. How many moles of sodium format 
must be added to 250 ml‘of ‹ Е 


SU MD а 1.0 M HCHO: solution to give a pH of 


Solution. We know [HCHO.]= 1.0, and [Н+] must be 1.0 x 1074, so 
we can solve for [CHO] in the ionization constant expression 


[H+] [HCO27] = 1.0x 10-4] [HCO;-] 

IHCHO] ^ mna —— 
[CHO:] = 2.1. 

And if the number of moles per litre must be 2.1, the number of moles 

be added to 200 ml is 21. =053. 


—2.1 x 1074, 
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Problem 12.18. A 1.0M АКМОз); solution is found to have а pH 

2.70. Calculate K, for the reaction: : 
AIS*--HOH = AI(OH)**--H* 

Solution. pH 2.70, the [H+] = A х 107°, log A must be 0.30, so 
[H+] = 2.0х 10-3. From the hydrolysis equilibrium we see that if 
[Н+] = 2.0х 10-3, [AIOH?*] must also be 2.0 X 1073, and [А1+] would 
be 1.0—0.002=1.0 so 

[AIOH?+][H*] _ [2.0 х 1073] [2.0 x 107°] 
[A15*] [1.0] 
Ia = 4.0 x 10%. 
"Problem 12.19. AgNOs.is slowly added to a 0.020M solution of 
МаС.НзОз, 

(а) Will a precipitate of AgC2HsO, form, when conc. [Ag*] 
=1ҳ107°М? у ` 

(b) At approximately what [Ag*] will a precipitate start forming? 
The solubility product of AgC2Hs30, is 2x 107°. 

Solution. (a) Let us calculate the product of the concentrations of 
Ав? and C2H30,~ and compare it to K,,(2 x 107?) 

conc. Ag* x conc. C2H30,.~ = (1 х 107°) (2x 107°) 
212.105. 
Since the concentration product is less than K,, equilibrium is not 
established, and no silver acetate forms. 

(b) As the precipitate begins to form, the concentration product, 
conc. Agtxconc. C»H;Os*, must equal the equilibrium value, 
2x 1073, Neglecting dilution effects, the concentration of C3H3O»* at 
that point must be 0.020M. Therefore [Ag*] x 0.020 =2 x 107°. 

[Ag*]-0.10 M 
This is the minimum concentration of Ag* at which a precipitate will 
form. At higher Ag* ion concentrations precipitation will occur and 
sufficient C:H,027 ions will be removed from solution to maintain the 
concentration product at 2 x 107°. 

Problem 12.20. Assuming that the addition ofa small quantity of 
solid does not cause the volume of the solution to change, calculate 
the concentration of hydroxide ions in a solution made by dissolving . 
0.020 mole of ammonium chloride in 100 ml of 0.15M ammonia? K;, 
for this reaction is-1.8 X 107°. 

Solution, Ammonium chloride is a strong electrolyte and may be 
assumed to be completely ionized. 

й + 
[NH,+] = 1000 mlx ( 0020 mole WEA" ) 
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= 0.20 mole// 
NH3+H,0 = NHi++OH- 
0.15M 0.02 


For this reaction the equilibrium constant K,, is given by 
к = [NH;*] [OH] 


eq x 


[NH] — 
- — [0.02] [OH] 

1.8x 1075 =- 10.15] 

[OH] = 1.4х1075М. 


Problem 12.21. Forty millilitres of 0.10 molar NaOH was added to 
ten millilitre of 0.45 molar НСІ. What is the pH of the resulting 
solution? Both HCI and NaOH are strong electrolytes (Kw=1 х 10714 
mole? litre~2), 


Solution. 

V (litre) X molarity ( mole litre 1) = number of moles 
NaOH 0.040 
HCI 


0.10 4.0x 1073 
0.010 0.45 


4.0: 10-3 


Both the substances are completely ionized in ‘solution, therefore, 
4.0 X 10? mole of each neutralizes the other. The total vol 


ume of the 
solution is 0.040+0.010=0.050 litre which contains 0.5 
each of H* and СГ ions. 


X107? mole 
0.5x 10-8 mole 
UB c= 7 0.050 litre 
[Н*] = 1x 1072 molar 
pH = —log [Н+] 
PH = —log [1072] 
pH =2 j 


Problem 12.22. How many moles of sodium hydroxide can be 
added to one litre of a solution of 0.100 M in NH; and 0.100: M in 
МНАСІ without changing pOH by more than. one unit? Assume no 
change in volume. К, = 1.8 х 1075 and pK, 


= 4.75. 
Solution. РОН = pK,+log Nae 
[NHi*] _ : 
[NH] 1.00 
РОН= 4.754-0.000 
РОН= 4.75. 
The original pOH 


= 4.75. The pOH after addition of NaOH cannot 
be less than 3.75. ү 
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1 [NH47] 
РОН = 3.75 = 4.75+log [NB] 
[мну] _ _ 
log [NH = 1.00 
[ЧН] 
= 0.10. 
[NH;] 


Hence NaOH can be added until the ratio of [NH,*] to [NH,] is 0.10. 
Initially [NH4*]--[NH;] = 0.200. Although the reaction with OH- 
converts NH4* into NHs, the sum of the concentrations remains 
0.200. 
[NH,*]--[NH3] = 0.200 
| [NH4*] = 0.10 [NH3] 
0.10 [NH3]+[NHs] = 0.200 
1.10 [NH;] = 0.200 
[NH,] = 0.182 M 

Hence [NH,*] = 0.018 M 
Assuming no change in volume, 0.182— 0.100—0.082 moles of NaOH 
can be added without changing the pOH by more than 1.00 poH 
unit. 

Problem 12.23. Calculate the change in рН caused by dissolving 
1.025 g of anhydrous sodium acetate in 100 cm? of 0.25 mole dm? 
acetic acid (molecular weight of anhydrous sodium acetate — 82; 
assume pK, of acetic acid to be 4.74). 

Solution. The initial concentration of acetic acid—c—0.25 mole 
dm-?. Since acetic acid is a reasonably weak acid, the pH of its 
aqueous solution will be given by the equation 

pH = 7 pK,—7 log С 
pH = $ (4.74) - $ log 0.25 
log 0.25 = 1.4=(—1--0.6) = — 0.6 
pH = $ (4.74)—$ (—0.6) 
pH= 2.37--0.3 = 2.67 
Sodium acetate, being а salt of weak acid and strong base, is com- 
pletely ionized, and 1.025 g dissolved in 100 cm? yields а solution 
containing 1.025/82 х 100/1000 mole dm™ of acetate ions = 0.125 
mole dm ?. Thus in the final solution, 
[4c] = 0.125 mole dm? 
[HAc] = initial HAc = 0.25 mole dm? 
Using the Henderson-Hasselbalch equation 
'[conjugate base] 


pH = pK, + log [acid] 
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[Ac] 
[HAc] 
0.125 
pH= 4.74 + log 025 — 
pH= 4.74 + log 0.5 
log 0.5 = 1.7 = (—1+0.7) = — 0.3 
pH = 4.74—0.3=4.44 
Increase in pH due to the addition of salt 
= 4.4—2.6=1.77 
Problem 12.24. One litre of a buffer (pH=5.20) is to be prepared 
from NH4CI and МНАОН. If 0.10 mole of NH4CI is used, how many 
moles of NHs should be added to the solution? Assume an activity 
coefficient of one. 
Solution. pH = 5.20 
РОН = 8.80— —log [OH] 
[OH] = 1.6 х10°М 
eee Н+) [OH]. 
^ 25 [NHOH] 
[ОН] = 1.6 х 107°М; — [NHa*]=0.10+1.6 x 107? 
(NHs*+]=0.10M 


pH= 4.74 + log 


Let [NHsOH]=x 

. (1.6 x 1979) (0.10) 

: x 

х = [МН:ОН] = 8.9 x 10-м 

“Add 8.9х 10754-1.6 x 107? mole of NH3. 
Problem 12.25. Calculate the pH of a solution 
0.10 mole of sodium acetate with enough wate 
solution. Assume the activity coefficient of unity 


= 1.8x10^* mole/I 


prepared by mixing 
r to make 1.0 litre of 


Solution. Since K, — К, = НА oH] 
Кинде [Ac] 


Let x be the number of moles of acetic acid 


formed, then 
[HAc] = x, [ОН-] =x 


[Ас ] = 0.10—x 
Assuming x < < <0.10 
x SI 10:4 
0.10 ^ 1.9х10 


x? = 5.3x 101! mole?/I2 
x = 73x10 '*M 

pOH — 5.14 

4. РН = 14.0—5.14 = 8.86. 
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Problem 12.26. To 100 cm? of 0.] mole dm? phosphate buffer 
pH 7.1 were added, (а) 1 cm? of 1.0 mole" dm? NaOH; (Б) 5 cm? of 
1.0 mole dm? NaOH; (c) 5 cm? of 0.1 mole dm? НСІ. 

Calculate the pH of the resulting solution in each case. The 
apparent pK, values of phosphoric acid are 1.96, 6.8 and 12. 

Solution. (a) Let us express all quantities in terms of cm? of a solu- 
tion containing 0.1 mole dm ?. 

.'.. NaOH addedz 10 cm? of 0.1 mole іт? NaOH 
which will convert an equivalent quantity of H»PO;^ into HPO,?". 


Initial : Final 
Volume — 100 cm? Volume — 101 cm? 
HPO: = 66.7 HPO,” z(66.7--10)—76.7 
Ha3PO4 = 33.3 * H2PO, = (33.3 —10)=23.3. 
The pH of the final solution is given by the equation 
pH = 6.8-+log Ori 


where [HPO,?] = ‚6.7 cm? of 0.1 mole dm™ solution made up to 
101 ст? . 

[Н.РО, ] = 23.3 cm? of 0.1 mole dm™ solution made up to 
101 cm’. 


HPO,” 76.7 
юв - рб TIE —333- 7052 
pH=6.8-+-0.52=7.32. 

(b) As we have seen above that addition to the buffer mixture of 
3.33 cm? of 1 mole dm™ NaOH is sufficient to convert it into the 
equivalent of 100 cm? of 0.1 mole dm™ solution of H:PO4°. Thus, 
when 5 cm? of 1 mole dm? NaOH is added, 1.67 cm? of 1 mole 
dm"? NaOH remains to be neutralized by the HPO? acting as an 
acid when 

HPO,- --Na*OH- = PO,* + Ма+--Н.О 
(conjugate base) 
The pH of the resulting solution will therefore be determined ‘by the 
3rd dissociation constant of phosphoric acid according to the 
‘reaction, 
HPO: = H*+PO,7- 


pKa; = 12 
and in a solution containing the conjugate pair HPO, and PO497 
PO,- 
pH = 12.0--log ег 
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Let us express all quantities in terms of ст? of a solution containing 
0.1 mole dm 3. Then, NaOH added = 50, of which 33.3 are used 
to convert the whole of HePO, into HPO;?. However, the remain- 
ing 16.7 of NaOH will convert an equivalent quantity of HPO,” 
into PO;,?. 


Initially After addition After further 
of 33.3 NaOH addition of 16.7 NaOH 
PO," = negligible POs" = negligi ble PO = 16.7 
HPO, = 66.7 HPO. = 100 HPO.” = J00 —16.7 
HPO4? = 83.3 
H2PO, = 33.3 HPO = negligible HPO, = negligible 


Therefore in the solution formed by the addition of 5 cm? of 1 mole 
dm™ NaOH, 

[PO] = 16.7 cm? of а 0.1 mole dm'^? solution made up to 
105 cin? 


[HPO] = 83.3 сш? of a 0.1 mole dm"? solution made up to 
105 cm? 


в: — ; 
5 0 [HPOS] 10—63 = —3:7 

pH = 12.0+(—0.7) = 11.3. 

(c) As we have seen in (b) that it would take 6.67 cm? of 1 mole 
dm™ НСІ to neutralize completely HPO,?- present in 100 cm? of 
0.1 mole йт? phosphate buffer pH 7.1. Addition of only 5 cm? of 
1 mole dm? НСІ would produce a solution in whieh the conjugate 
pair is still H3PO;- and HPO;?- where A 

Н,РО; = HPO.--+H* 
рКа» = 6.8 
and, рН = 6.8+log [HPO] 
?5 "IH:PO;] 
Let us express all quantities in terms of cm? 


s! of a solution containing 
0.1 mole dm з. Then на added = 50, which is entirely consumed 
in converting an equivalent quantity of HPO,- into НРО; 

ing to the following reaction, Ar cune 


HPO;*-HCI - HPO -+ CI 


(base) (conjugate acid) 
Initial 
2 Final . 
оов 5 a А HPO, = 66.7—50 = 16.7 
2PO4. = 33,3 Н,РО; = 33.34-50 = 83.3 
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In the final solution formed by the addition of 5 cm? of 1 mole аш 
[HPO,*] = 16.7 cm? of a 0.1 mole атг? 
solution made up to 105 cm?. 
[H;PO, ]=83.3 cm™ of a 0.1 mole dm™ solution made up to 105 
cm’, 
[НРО,2- 16.7 
(RPO 8 33:3——0.7 
pH=6.8-+ (—0.7) 
pH=6.1. 


log 


EXERCISES 


12.1. Among the following pHs which solution contains a weak acid? 

(i) 1.72, Gi) 2.0, (iii) 3.7 (iv) 6.27. [Ans, 6.27.7 
12.2. Among the following pHs which solution contains a strong acid? 

(i) 1.72, (ii) 5.0, (iii) 6.38, (iv) 7.0, (v) 3.75 [Aus. 1.72] 
12.3. The following compounds yield ions in solution as indicated. Are they 

acids, bases or salts? ? 


(i) NasCO;+2Nat+-COs?- 
(и)  KOH-K*--OH- 
Gi) H:SO,>2H*++S0,2- 
(iv) NH;OHANH,*--OH- 
(у) МЕСІ Мр2+--2С1- 
(vi) Са(ОН), > Са*++20Н- 


[Ans. (i) salt, (ii) base, (iii) acid, (iv) base, (у) salt, (vi) base.T 
12.4. Fill in the blanks: 


() Bile has a pH range of 7.8 to 8.6, so itisa 
basic) 
(i) The pH of a saliva lies between 5.5 and 6.9 indicating a 
solution. (weak acid) 
(iii) The gastric juices have a pH range of 1.6 to 1.8, so they агеа.,.. 
solution, (strong acid) 
(iv) Blood has a pH range of 7.35 to 7.45, so itis a 
(weak basic) 
(у) The pancreatic juices have а pH range of 7.5 to 8.0 so they are a 
с: solution. (weak basic) 
12.5. Which of the following combinations would give buffer solution? 
(а) HNO: +NHiNOs, (b) NaNO:4-NaOH (с) HNO2+ NaNO, 
(d) NHINO;--NH,OH [Ans. (с) and (4)] 
12.6. A buffer solution contains 0.20 mole of NH,OH and 0.20 mole of NH,CI 
in 100 ml of solution. (a) What is the [H*] of the solution? (Б) What is 
the pH after addition of 0.05 mole of HCI? 
[Ans. (а) 1.8X 10-5; (b) 9.3.1 
12.7. (а) Calculate the pH of a 0.2M KCN solution. The Ka for HCN is 4.9x 
10-0. (b) What is the degree of hydrolysis of the salt? 


[Ans. (а) pH—11.31, (b) 1.02 per cent. 


QE IO solution. (weak 


vais obs solution. 
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12.8. 


12.9. 


42.10. 


12.11. 


32.12. 


12.13. 


12.14, 


. What is the maximum 
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(a) What is the pH of 0.1M solution of monosodium succinate? E 
(b) What are the concentrations of unionized succinic acid, H succinate’ 

and succinate“? in the solution (pKa;—4.19 and pKa=5.57)? Us 
[Ans, (а) pH=4.88, (Б) He succinate=0.0146M, succinate’ 

—0.0146M Н succinate71—0.0709M.] 


(а) Calculate the pH. of 0.1M solution of NHiCI. The Кь for NH4OH is 


1.8 х10-5, 
(b) What is the degree of hydrolysis of the salt? 


[Ans. (a) pH—5.13, (b) 7.42x10-* per cent.] 
Calculate the pH of a 0.1M solution of KH2PO,. For HPO; Ka,— 
7.5 Х 10-3 and Kas—6.2 x 10-5. [Ans, рН=4.6.7] 
Compare the buffer capacity of a (a) 0.1M acetate РН 4.7, with that of a 
(b) 0.2M acetate buffer, pH 4.7. Assume that pK,—4.7. 


[Ans, (a)[H*]—0.041M, (b) [H*]=0.082M.} 
Ten ст? of a solution of histidine at PH 7.5 was titrated with 0.1 mole 
dm-? hydrochloric acid. After the addition of 36 cm! of acid, the pH was 
6.0. Calculate the concentration of the histidine solution. (pK, values of 
histidine are 1.8, 6.0, 9.3). [Ans. 0.72 mole dm-?.] 
What is the maximum concentration of bicarbonate ions contained in 
(a) gastric, juice and (5) pancreatic juice, pH 7.8, if the concentration of 
carbonic acid in each 1 m mole dm-?, [pKa for carbonic acid is 6.1.] 

(Ans. (a) 10-5 m mole dm-5, (b) 5m mole dm, 
orcotics was tested on a longworm, the minimum 
me of these compounds was found to vary with the 


prevailing pH. A selection of the results obtained is given below. 


Minimum anaesthetic 


dose (mg/100 cm?) 
pH iso-amyl alcohol cocaine nembutal 
7 100 10 3 
8 100 5 6 
9 100 2.5 13 
Can you explain these fi 


? (Cocaine is a weak b 
weak acid pK, 8.0). 


[Ans. iso-amyl alcohol is non- 
what proportion of j 


ionizable and the PH does not determine 
effective form; 


are present in the, anaesthetically most 


e е fo Cocaine is more effective anaesthetic in its basic form than 
its cationic form; nembutal is in its acid form than in its 


mote effective 
anionic form.] р 
(a) Calculate the pH of a 0.05M solution of ethan 
(b) What is the degree of ionization of the amine? 
(a) pH—11.07, (6) 2.36 per cent.] 


[Ans 
i ап amine that has a PK, of 9.5. 
(Ans. pH-| 1.4.] 


olamine, K,—2.8 x 10-5, 


Н 7.5 (0К,-72) ium phosphate buffer, 
р. 3 (рКа 1.2), 


; [Ans. 0.14.] 
lon 0.10M in Mg** from which 
8(OH)s is 1.2x 16-11, 


[Ans. pH=9.04.] 


PH of a solut 


Mg(OH): will not precipitate? Кур for М, 
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12.20. The solubility product of AgCI is 2.8 1071? at 25°C. Calculate the solu- 
bility of the salts in (i) pure water, and (ii) 0.1M AgNO; solution. 
[Ans. (i) 1.673 X 1075 mole litre, (ii) 2.8 х 107? mole litre7!.] 
12.21. Equal volumes of 1.0х10-°М CaCl: and 4.0x 10-'M—NazSO, are mixed. 
Show with steps, whether a precipitate will be formed? Solubility product 
of calcium sulphate is 2.4х10-5. Calculate the solubility of of calcium 
sulphate. [Апз. No. 0.4 mole litre-.] 
12.22. Will CdS be precipitated from a solution containing 0.1 gram ion of Cd?* 
and 0.3 g ion of H-*ions per litre when HeS is passed into the solution? 
The Ks» of CdS is 3.6 107? and (CH+)*x CS:-—1.1X 10729. [Ans. Yes.] 
12.23. Should precipitation occur when 50 mole of 5.0х10-*М Ca (NOs): is 
mixed with 50 ml of 2.0 107!M NaF to give 100 ml of solution? The к» 
of CaF: is 1.7 х 10—10, [Ans. No.] · 
12.24. If Kay for F- is 1.4X107*. mole/l, what is [Н+] in a solution prepared 
by dissolving 0.1 mole of NaF in enough water to make 500 ml of solu- 
tion? ^ [Ans. [H*]—5.9x 10—%.] 
12.25. Sodium fluoride is a salt of the weak acid HF (Каи:=6.9х 107* mole/l). 
What is К ру for the F ion? 
(Hint : Write the hydrolysis equations and then derive Ку in terms of 


other constants). [Ans. 1.4х 10-'^mole/l.] 
12.26. The K,, of BaCrO, is 3.0X 10-1, Find the molar concentration of CrO4?- 
ion in a saturated solution of BaCrO,. [Ans. 1.73x10-5.] 


12.27. It is found that exactly 4.0 1075 mole of strontium carbonate, SrCOs will 
dissolve per litre of solution. Find the кь of ЅгСОз. [Апз. 1.60x10-?] 
12.28. A chemist has a solution containing Br-, СІ-, and I-. He wishes to 
precipitate most of the iodide ion but leave the bromide and chloride 
ions in solution. K,,’* of AgCI, AgBr, and AgI are 1.0x 10—!5, 5.0x 10-13 
and 1.0x 107^. respectively. If the solution is 0.10M in СГ, Br-, and I7, 
show how he could do this? 
[Ans. Add Ag*until [Agt]=1.0x 10715, At that point [I-]=10x 10-4 
while concentration of Br- and CI-remain 0.10M.] 
12.29. A saturated solution of Ag; AsO4 was found to contain 1.0x 10-* mole of 
AsO," ions and 3.0 X 10-* mole of Ag*ions per litre of solution. What is 
К, р for AgsAsOu? [Ans. 2.7x10-2] 
12.30. A solution is saturated with respect to BaSO, (K 1.1 х10-1) and BaF 
(K,,=1.7 107). Find [SO,?-] іп the solution if [F~]=4.1 x 1072M. 
[Ans. 1.2X107" M.] 
12.31. А solution is originally 0.01M in acetate ion, С+НзОз?-, and 0:01М in 
sulphate ion, SO;*-. Solid silver nitrate is added until [Ag*]—4.0 x 1072 
in the solution. Find [С+НзО,-] and [SO,*7] after the AgNO» is added. 
[Ans, (C:H30£-)—0.01M; (80,27) 20.01M.] 
12.32. Exactly 500 ml of 0.1N ammonium hydroxide is combined with 100 ml of 
0.5N HCI. Calculate the final pH of the solution. [Ans. 5.2.] 
12.33. What is the pH of a 0.05M solution of sodium borate at 25°C? What 
would be the pH of the same solution at 5°C? The pK, of boric acid is 


9.44 at 5°C and pK,—14.73 at 5°C. [Ans, 25°C, 10.96; 5°C, 11.44.] 
12.34. 500 ml of 0.2M propionic acid is mixed with 500 ml of 0.2M KOH, What 
is the pH of the solution? [Ans, 8.93] 


12,35. Calculate the РО." concentration in a 0.1M HsPO. solution at 25°С. 
[Ans, 1.05x 1075M.] 
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i -: ? Jitre7?. 

12.36. The ionization constant of water, К, at 37°C is 2.42 x 1071, mole ven 

К What is the pH for a neutral solution at this normal w^" о! Gar 
human body? И . 68. 

12.37. Calculate the ionic product of water at 25°C given that the pH ofa 
mole ат”? aqueous solution of sodium acetate is 8.64 at this tempera к 

and that the ionization constant of acetic acid is 1.75Х10—5. Use the 


Р 20 AzVI А 
extended form of the Debye Huckel equation, logio у = ПРУТ , 
— j-14 
estimate activity coefficients. [Ans. K,—0.98x10-'4] 


12.38. If a very small amount of phenolphthalein is added Они s 
solution of sodium benzoate, what fraction of the indicator will exist ій. 
the coloured form? State any assumptions that you make. 

Ка (Benzoic acid)—6.2 x 107" 
LCS en Иш d 
ен coefficients are neglected and it is assumed that 
the coloured tautomeric form of the indicator is completely ionized ] 

12.39. Estimate the volume of 0.1 mole dm^? sodium hydroxide which must be 
added to 200 ст? of 0.1 mole dm™ acetic acid (K,—1.75X10^) to give a 
solution with a pH of 6.0. Give a suitable choice of the indicator for the 
titration of acetic acid with sodium hydroxide. 

[Ans. 190 cm; phenolphthalein (pK1,—9.5).] 

12.40. Calculate the pH of an aqueous solution of ethyl ammonium acetate at 

` 25°С, given the following equilibrium constants 
Ка (acetic acid) —1.75x 10-2 
Ks (ethylamine) =4.7 107: 
К» —1.01 Xx 1074 [Ans. 7.7..] 
12.41. At 25°C, the dissociation constant of benzoic acid in water is 6.3 1075 
and the ionic product of water is 1.01 x 107, Calculate the pH of (a) 0.01 
mole dm™?, and (Б) 0.1 mole Ят з aqueous solution of sodium benzoate 
(i) taking all activity coefficients to be unity, and (ii) taking the activity 
coefficients of the monovalent ions to be 0.9 and 0.01 mole dm~ solution 
and 0.8 in 0.1 ml dm^ solution. 
(Ans, (a) (i) pH 8.10, (ii) pH 8.05, (b) (i) pH 8.60, 
12.42, The experimental values of pK for very dilute ATP at 25°C and 0.2 ionic 
Strength are 6.95 in tetra-n-propyl ammonium chloride and 6.41 in NaCl. 
What is the standard Gibbs free energy for the reaction 
МаАТР?з-=Ма++- АТР:- 
assuming HATP*~ does not bind Na+ significantly? 


(1) РН 8.50,] 


Ans. 1.5 К. —1.] 

12.43. The hydrolysis of adenósine triphosphate ATP ^ Жез чы 
ADP and inorganic phosphate at PH 8 and 25°С, 

ATP*-FH:0—ADP:—EHpo,- i ga 
has a standard enthalpy change of—3 k, cal. The standard enthalpy 
changes of acid dissociation of НАТР-, HADP-5 н,ро,-1 are mu 
and+2 К, cal. mole, respectively. Calculate the standard enthalpy 
change for the reaction: 


HATP^?--H:0—HADP-*-H;PO;- [Ans. —7 К cal mole-!] 


n 
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ELECTROCHEMICAL CELLS 


INTRODUCTION 


A chemical reaction is normally accompanied by a transfer of energy 
between the reacting system and the environment. Although this 
transfer is usually achieved by the evolution or absorption of heat 
energy, it is possible to arrange for some of the energy transferred 
from: the system to environment to do work. A voltaic cell is the 
most common device used for the purpose. However, the proportion 
of total energy available for the reaction, which takes place in the 
cell, can be varied by suitably adjusting the circuit in which the cell 
is connected, but there is an upper limit to this energy. 

Cell diagrams. It is convenient to have a simple method of represent- 
ing a given voltaic cell. This is called a cell diagram. It indicates the 
constituents of the cell, where the porous partition is placed, the 
materials which constitute the terminals, and their polarity. The 
convention agreed by the International Union of Pure and Applied 
Chemistry (IUPAC) is used for cell diagrams. The interfaces between 
solutions and solid terminal materials are represented by the solid 
vertical lines, the porous partition or salt bridge by a vertical broken 
line and the sign preceding the emf value indicates the polarity of 
the right hand terminal. Galvanic cells are made by arranging for a 
spontaneously occurring oxidation-reduction reaction to proceed in 
such a way that electrons are transferred from the reducing agent to 
the oxidising agent by means of an outside or external circuit. A typi- 
cal galvanic cell might consist of a zinc rod dipping into a solution of 
its ions and copper rod dipping into a solution of copper ions. On 
the IUPAC convention the Daniell cell can be represented as in one 
of the following two ways, 

Zn(c) | Zn®*(aq.) : Cu*(ag) | Сис); E= МУ 

Cu(c) | Cu2*(aq.) : Zn?*(aq.) | Zn(c) ; E= —11V 
In the Daniell cell, the terminals (zinc and copper) take part in the 
Cell reaction. " 
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In general there are two types of galvanic cells: 

1. Chemical cells 

2. Concentration cells. 

Chemical energy can be converted into electrical energy when a redox 
Teaction is carried out with reactants separated in space and connected 
only by an electrical conductor. 

A difference in potential causes current to flow from an electrode 
of higher potential to one of lower potential. This difference is called 
the electromotive force (emf). Since the absolute value for the emf 
of a single half-cell reaction cannot be determined it is related to the 
reference electrode. The reference is the hydrogen electrode which 
has a defined emf of 0.00. The emf of any other electrode reaction 
can be determined by measuring the emf of a cell constructed from 
the electrode in question, and the hydrogen electrode. The standard 
reduction potentials of some systems are given in Table 13.1. 


TABLE 13.1: Standard reduction potentials 


Reduction half-reaction Standard reduction potential (volts) 


Prke к —3.05 
Ма ге NE —2.71 
Mg**-F2e- Mg —2.37 
АЈ++ 3e-+Al —1.66 
Zn**--2e-Zn —0.76 
Fe**4-2e7— Fe —0.44 
Сі фе C12 —0.41 
Co**+-2e-+Co —0.28 
Ni?*+-2e-+Ni —0.25 
Sn**--2e-— Sn —0.14 
Pb**--2e-- Pb —0 13 
2Н++2е--Н, 0.00 
Sn‘++2e--Sn2+ +0.15 
ae +0.15 
со ОИ +0.34 
Fe?*-Fe-—- Fen 40.77 
Ее РАВ +0.80 
Bra+2e7->2Br7 +1.07 
0:+4H*+4e-+2H20 4.1.23 
Au?*-F3e- Au 4.1.50 
Еа-+-2е-—28- : 42.87 


Method of predicting the spontaneity of a reaction 
The free energy change AG in a cell is related to the spontaneity 


of the reaction. Spontaneous reactions will have a negative value for 
the free energy change AG. 
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Whether a given oxidation-reduction reaction is spontaneous or 
not is indicated by the value of the free energy function ЛС”. 
АС°=—пЕ°Е ... (D 
where n is the number of electrons transferred, E^ is the standard 
potential for the reaction and F is the faraday. For a direct con- 
version between AG? in К. cal. and E^ in volts, the equation is 
A Go— — 23.06пЕ° (25 
Standard potentials can also be related to equilibrium constants by 
the following relation, 
AG^— – 23.06nE*— — RTInK АЕ 
nE*—0.0592 log K C 
Given a list of reduction potentials (see Table 13.1) spontaneous 
reactions will occur only according to anti-clockwise arrow shown in 
Figure 13.1 


Lit+e-SLi . —3.05 V 
== 
o су: 
Р.+2е-=2Е- +2.87 У 
Fig. 13.1. 


Li will be oxidised by Ез to give Li* and Ез will be reduced to F`- 
Any reducing agent higher on the right hand side of the table will 
react with any oxidising agent lower on the left hand side of the table. 
Under standard conditions, all oxidation-reduction reactions obey the 
AC (anticlockwise) rule. It is a qualitative device to help us, remember: 
the fundamental point that a reaction will be spontaneous if the sum 
of the appropriate potentials is positive. 

Nernst equation. This equation gives us a relationship between the 
oxidation potential E of any reversible electrode and E? the corres-- 
ponding standard oxidation potential i.e., , 


Е-Е, ЕТ In (Oxidised state) 


пЕ (Reduced state) tomes 
_ е _ 0:059 (Oxidised state) : 
or Е=Е,! КО (Reduced state) тч 


One of the most interesting applications of electrode potentials is in 
connection with potentiometric titration. In this method the end point: 
of a titration is determined by measurement of electrode potential. 
The change of potential is small in the beginning. However, when the 
end point of titration is approached there is a much rapid change of” 
potential. The end point can thus be found by determining the: 


216 Problems in Physical Chemistry 


quantity of titrant added when the rate of change in electrode potential 
is maximum. The potentiometric procedure can be employed with | 
coloured solutions and often in dilute solutions at which ordinary 

titrations with coloured indicator would be quite inaccurate. | 

Problem 13.1.. A cell is Constructed using Zn and Zn?* in one half- 
-cell and Ni with Ni?+ in the other half-cell. Write the reaction and 
find the standard patential of the cell. ; 

Solution. Both reduction potentials are negative, but the zinc | 
‘potential is more negative. The half-reactions, the total reactions and 
the standard potentials are 

Ni**--2e-— Ni —0.25 V 

Zn-Zn*?*--2e- +0.76 V 

Ni?*+ Zn>Ni+Zn?* 10.5] y 
‘Since nickel has more positive tende 
oxidised. 


Problem 13.2. A cell is constructed 
reactions 


псу it is reduced and zinc is 
that uses the following half- 


Au(s)--4CI- —AuCI,---3c7 
Au?*--3e-—- Au(s) 


The standard potential of the cell is found to be +0.50 volt. Calculate 
the equilibrium constant for the reaction 


Au**-- AC AuCl7 

Solution. The standard potential for the oxidation in this case is 
—1.00 V, for the reduction it is+1.50 V, and E° for the cell is 4-0.50V 
Au(s) + 4Cl->AuChy-+3e- 


—1.00 V 

Au^ 3e —Au(s) +1.50 V 

Ar r3e-*Au() - 11.50 V 
Au**+4Cl>AuCl- +0.50 V | 


‘The number of elections transferred in the cell is 3, 
AG*——23.06nE* 
nE^—0.0592 log K ч | 
foa s ifs) 


0592 == 25.34. 
log K= 254 0.34 
K= 22x 1025 


Hence the equilibrium lies far to the 
stable complex ion. 


Problem 13.3. A voltaic cell is Constructed using Al and АР in 


one half-cell, and Ag and Ag* in the other half-cell. (a) What total 
reaction will occur? (b) What half-reaction will occur at each elec- 


right and AuCI^, is thus a very 
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trode? (c) Which is the anode and which is the cathode? (d) How 
many volts will the cell produce if [А12] and [Ag*] are 1.0 M? | 

Solution. (а) The reduction potential for Ag is positive, relative to 
hydrogen, and the reduction potential for aluminium is negative. 
Therefore, silver will be reduced and Al will be oxidized. The balanc- 
ed equation for the reaction is 

AL--3Ag*—AB*--3Ag 
(b) The half-reactions are 


Al>AB++3e7 
3Agt+3e Ag 


(c) Since the oxidation occurs at the Al electrode, this is called the 
anode. Reduction occurs at the Ag electrode and is called the 
cathode. B 

(d) The voltage, or potential difference, produced by the cell is just 
the total difference between the standard potentials for Al and Ag. 
The standard reduction potential for Al is—1.66 V and for Ag it is 
+0.80 V. The total difference is 2.46. This is the voltage produced by 
the cell. 

Problem 13.4. In the lead storage battery, the anode reaction is 

Pb(s)+ HSO + H»0--PbSO.(s)--H5O*--2e* 
A typical battery would be rated “100 ampere-hours” which means it 
has the chemical capacity to deliver 100 ampere Гог 1 hour ог 1 
ampere for 100 hours. How many grams of lead would be used up at 
the foregoing anode to accomplish this? 

Solution. | ampere for 100 hours is, 


= (£) (100 hours) ( 50 min ) (som ) 


hour min 
= 3.6 х 105C 
This many number of coulombs is equal to 
3.6 x 105C 
96,500C/faraday 
= 3.73 faradays. 
The half-reaction says that 1 mole of lead disappears for each 2 
faradays liberated. If 3.73 faradays are liberated this is equal to 
1 mole of lead 
2 faradays 


= (3.73 faradays) 


1.86 moles of lead 
1.86 moles of lead (207.19 g/mole) 
385 g. 


| 
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Problem 13.5. Calculate Е for the reaction 2H2(g)-+O2(g)+2H20, 
when pH: =5.0 atm, pO2=2.5 atm H30*—0.60 m. 
Solution. The above reaction may be written as, 
H.(g)+2H20>2H:0++2e- — E*—0.00 
O(g) +4HO++4e—>6H:O. E*—-L1.23 V 


2Hx(g)+0,(g)>2H20. —— E=+1.23V | 
go _ 0.0592 ii; s 
Е=Е° — = log рН. рО"! n 4 
123 00592 І 


ely: (5:0)502.5) 
E=+1.26 V. 


Problem 13.6. What happens to Voltage of the hydrogen electrode 
when the molality of H;0* is cut to 1072 


m assuming the hydrogen 
pressure stays at | atm? А 
Solution. Н2(в)--2Н20->2Н,0++-2е-; 
2 
Е=Е°—_ 0.0592 jb m'g.o* 
2 PH, 
where ™my,9+= 10-2 and pH,—1.0 


E'—0.0 


E-—0— 0,0296 log шге 


Е= —0.0296 log 107: = +-0.118 У. 
Problem 13.7. Calculate Ков. for the reaction 
2Сг+3Ве+->2С13+-- Зе 

к, = Се 
sa [Fe2+]s 
E*'c,c3* = 0.71 volts 
Bere F, = —0.44 volts. 
Solution. Half-reactions 
2Cr—> 2Сга+ р бе+ E°=0.71 volts 
3Fe**-- 6e*.3pe E?— — 0.44 volts 


n=6 
РЕ segs 0.71—0.44 
= +0.27 volts 
a [Cr+ 
Ka = [Ferf 
o » 0.059 
Ess + Е, = muli 
NS ы 0.27 


8 Bags = 0.05976 
Ка = 10”, 
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Problem 13.8. Calculate the potential for each half-cell and the 
total emf at 25°C for the cell represented schematically as 
Pb | Pb2*(0.0010 M) | Pt, Cle (1 atm) | CI (0.10 M) 
E? p, P433 4-0.126 volts 
E*c;,-2c; =+1.358 volts. 


Solution. At anode: 


t 0.059 [Pb?*] 
s : yt e 
Е,„=Е°ру-Рь? 2 og [РЬ] 


E,x=+0.126— 0.052 log [0.0010] 


E,„=0.126—0.030 (—3.0) 
E,„= 4-0.216 volts 


At cathode: | 
a "0.059 cr? 
Бы=Е°сьасг — R9 tog ETT 
E,,,—4-1.36 — 905 log [0.10] 
E,,,—1.36—0.030 (—2) 
E,,,— +1.42 volts. 
Cell: 


E=E,, +E, ea 
Е=0.216--1.42== + 1.64 volts. 
Problem 13.9. The emf of the cell 
Zn | ZnCls (0.05 mole dm?) | AgCl(s), Ag 
is 1.015 V at 298 K, the silver electrode being positive, whilst the 
temperature coefficient of its emf is —0.000492 VK^1. Write down the 
equation for {the reaction occurring when the cell is allowed to dis- 
charge and calculate the changes in (а) free energy AG, and (b): heat 
content AH, and (c) entropy accompanying this reaction, at 298 K. 
Solution. At the cathode (—) Zn—>Zn** +2e7 
At the anode (++) 
2AgCK(s) +2e>2Ag+2Cl_ 
Zn + 2AgCl\(s)—>2Ag+Zn2++2Cl- 
(a) The free energy change accompanying the reaction is given by 
AG=—nEF 
n=2, E=1,015 V, F=96500 C mole! 
AGogsk=—2 X 1.015 V x 96500 C mole! 
A Goose —196000 J mole! 
AGegsx=— 196 kJ mole? 
{b) The Gibbs-Helmholtz equation takes the form, 
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a(AG) 
дв=лн+т[ “2? |, 
Since AG=—nEF 
3E 
AH=—nEF-+nFT 3T ), 
00 x 290 x 0.000492 ы 
AHasex=—196 kJ mole-1-- Z26500 поно KJ mole-® 


A H»98.— —224 КІ mole? 
(c) AG— AH—TAS 
AH—AG 
ANE ne a 
Абал 25.) p 
Д.5оовк = —2.: 96500 x 0.000492 JK~! mole“ 
A $20вк=— 95.0 JK™ mole 1. 

Problem 13.10. The equivalence point in the titration of 40.00 ml 
solution of a weak monoprotic acid occurs when 35.00 ml of a 0.100 
N NaOH solution has been added. The pH of the solution is 5.75 
after 20.00 ml of the NaOH solution has been added. What is the 
dissociation constant of the acid? ` 


Solution. Since for the complete neutralization of the acid 35.00 ml 
of NaOH is required. Therefore on adding 20 ml of NaOH, z 
the acid has been neutralized. In other words, this means that Б of 


35 


of 


the acid is in the form HA, and Е is in the form А- 
ws The ratio [H4]... 15 


[4] 20 
—0.75. 
РН= pK — log a 
5.75—pK — log (0.75) 
РК=5.63 
К=2.4х 10-6, 


Problem 13.11. А 50.0 mI sample of 0.10 M ferrous sulphate is 
titrated with 0.10 M ceric Sulphate, (а) What is the equilibrium 
constant for the reaction? (Б) What are the concentrations of ions in 
equilibrium at the equivalence point? 


Solution. (a) The electrode potentials for the half-reaetions are 
Fe?* Fe" Fe?* E°=+10,77V 
Cette Ce — Fo 4.1 61 V 
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The potential for the reaction is 
Без+ 4 Се%+=Еез+-- Сез” Е*= +0.84 У 
Since AG ——RT In К 
and — p. 05916 log K 
log K—16.9 nE? 
K=16.9(1) (0.84) 
K=1.6 x 1014. 
(b) At the equivalence point we have 
[Fe?*]-[Ce?*] 
and [Fe?*]=[Ce**] 


K=1.6 x10 
+2 
[elm 6x 10 


[Ее]. 
ipe] 1319 
Since the volume of the solution equals 100 ml at the equivalence: 
point, [Fe?+]=[Cl**]=0.050 М. 
Let x=[Fe?*]=[Ce!*] 


д 9980 13х10 
i х=[Ее**]=[Се*+] =3.8 x 107° M 
and [Fe?*] =[Сез+]= 5.0 x 107° M. 


Problem 13.12. The temperature dependence of the emf ofan 
electro-chemical cell can often be written in the form 
E (a--bT-- cT?-- dT?) volt 
where a, b, c and d are constants. A certain commercially suitable 
battery was found to have а= 1.19237, b= —1.537 х 10-4, с=2.73 х 
10-8 and d=1.78 x 10711, Calculate AG, ДН anc ^S for this cell at 


27°C if n=3. 
Solution. AG= —nEF 
where п=3 


F=96,487 coulombs is equal to 23.06 К. cal. volt™ equiv 
AG= —3(23.06) [1.19237—(1.537 x 10-4) (300) 
+-(2.73 x 1075) (300)24-(1.78 x 1074) (300)3] 
= —19.52 К. cal. 
ФЕ 
AS=nF eT 
—nF(0--b-4- 2cT-- 3dT?) 
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AS=3(23.06)[—1.537 x 1074 +2(2.73 x 1075)7] 
+3(1.78 x 10711) T? 

AS= —9.17 cal. дер 1. 

AH=AG+TAS 

AH= —79.52--300 (—9.17 1072) 

AH= —82.27 k. cal. 


EXERCISES 


13.1. Which of the following reactions will occur spontaneously? Use Table 13.1 
of reduction potentials. 
(а) Hz--Sn?* «= 2H*--Sn** 
(Б) Fe+Co** = Fe?++Co 
(c) Au+3Agt = Au%++3Ag 
(d) 2Cu* = Cu+Cu** 
(e) 2Br~+402+2H* = Вг. +Н:О 
(f) Bra--Cu?* == 2Br-+Cu 
(Hint, Apply AC rule). 
[Ans. (b), (d) and (е) are spontaneous.] 
13.2. Complete and balance the following oxidation- reduction reactions (in acid 
solution). 
(a) SO;4-Cr:0;—? «* SO,?- - Ci? 
(b) I---NOs7 = T;--NO 
(c) ClOs~ = CIO,74-CI7 
(4) Е» -ЕНзО = Е---Оз 
(е) $,057?--Mn0.7 = 8,0,?--- Mn?* 
[Ans, (a) 3S0:--2H*--Cr30;2- = 3S0,*-4-2Cr?*--HiO 
(b) 1—8H*--2NO;7 = 3I;--2NO--4H;0 
(с) 4CIO57 = 3CIO,—-CI- 
(d) 2F2+2H.0 = О.+4Н++-4Е- 
(е) 105.02---169+-+-2МпоО,- <= 58,0,*--2Mn*--8H;0.] 
13.3. Calculate AG? and the equilibrium constant for the reaction 
Fe+Ni*+ + Fe?++Ni 
For, Fe — Fe*++2e- Е°= +0.44\ 
№+--2е-— Ni E*'— —0.25V 
[Ans, —8.76 К. са}. 2.6% 10°] 
13.4, Represent schematically a cell which has the Overall chemical reaction 
Cu+2H+ > Cu**+Ha(g) 
The concentration of H+ ions and Cuz ions in solution is 1 M and the 
pressure of Hs is 1 atm. 
(Ans. Cu | Cu** (1 M) | H¥ (1 M) | H:(1 atm), РЕЈ 
13.5. Та a cell the electrons flow from Pt to Cu, write the anode and cathode 
reactions. [Ans. Cathode Си?+--2е— —> Cy Anode H;2H*--2e-.] 
13.6. Write the equations for the reactions at the left-hand electrode; the reac- 


tion at the right hand electrode; and the overall cell reaction, for each of 
the following galvanic cells : 


13.7. 


13.8. 


13.9. 


13.10 


13.11. 
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(а) Mg | Mg? | Cu** | Cu 
(b) Mg | Mg?* 1 Zn?* | Zn 
(c) Cd | Cd** || Hg** | Hg ` 
(d) Pt | He | HsO* || Zn?* | Zn 
(е) Pt | H2 | НзО+ || Си*+ | Cu 
(f) Pt | Bre | Bro 1 Fe?*, Fe | Pt 
[Ans. (а) Mg Mg*?*4-2e- 
Cu?*-F2e7^ Cu 
Mg-4-Cu?*—Mg?*--Cu 
(b) Mg^Mg?t--2e- 
Zn**+2e->Zn 
Mg+Zn**>Mg**+Zn 
(c) Cd Cd**4-2e- 
Hg:+2e->2Hg 
Cd--Hg:?*- Cd*t--2Hg 
(d) 2H30*--2e7—H.--2H:O 
Zn-Zn*t4L2e- - 
2H:0*--Zn- H:-2H:O 4-Zn?* 
(e) H«*--2H:0 —2H30*4-2e7 
Cu®++2e->Cu 
Hs--2H:0-- Cu**—2H;0*4-Cu 
Cf) Bre-2e7—2Br- 
Fe**-Fc**--e7 
Brs--2Fe**—2Br74-2Fe?*]. 
Calculate the electrode potential of Zn?*/Zn electrode in which the con- 
centration of Zn?* ions is 0.1M? [Ans. —0,76V]. 
(a) Calculate the potential for the cell 
Ni | Ni**(0.01M) 1 CI-(0.2M) J С!» (1 atm) Pt 
(6) What is AG for the cell reaction? — [Ans. (а) 1.71V, (b) —79,000 cal.] 
(a) What is E? for the cell 
Sn | Sn** || Ag+ | Ag 
(b) Write an equation for the cell reaction 
(c) Which electrode is positive? 
[Ans, (а) --0.935V, (b) Sn--2Ag*- Sn**--2Ag, (c) Ag electrode.] - 
. For the following standard cell 
Ag | AgCI(s) | Civ Il Ag* | Ag 
the anode reaction is Ag-- CI AgCl-Fe-. 
(a) Write the equation for the cell reaction 
(b) Calculate E? for the cell and AG for the cell reaction 
[Ans. (a) Ag*--Ci-— AgCI, (Б) +0.5769 V, —13.3 К. cal.] 
What is the concentration of Cd** in the cell 
Cd | Cd?* (?M) 1 Ni?* (2.00M) | Ni 
Given that the emf of this cell is 0.200 V? [Ans. 0.050 M.] 


13.12. For the Cd?*— Cd half-cell reaction, what would Ее the reduction poten- 


tial at 25°C if the Cd?* ion concentration was 0.01 M? | 
[Ans, E? Cd**—Cd-— —0.402 volt.] 


13.13. Given the cell at 25°C, 


Pb; Pb**(a—1) 1 Ав*:а=1); Ag 
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(a) Calculate the voltage; (b) write the cell reaction; and (c) calculate the 
free energy change. [Ans. (a) 0.925 volt 
(b) $ Pb(s)-+Agt(a=1)=3Pb*+(a=1)+Ag*(s) 
(c) —21,330 cal.] 
13.14, Given the cell at 25°, 
Cd; Cd**(a—1) || I7(a—1); 16), Pt 
(a) Write the cell reaction; (Б) calculate E^; (c) calculate AG. 
[Ans. (а) Cd; Cd**(a— 1) || I (a—1); 16), Pt 
(5) 0.939 volt 
(c) —43,300 cal.] 
13.15. (a) Calculate the voltage of the following cell at 25*C; 
Zn; Zn?*(a—0.004) 1 Cd?*(a—0.2); Cd 
(b) Write the cell reaction, (c) calculate the value of the free-energy 
change involved in the reaction. 
[Ans. (a) 0.4398 
(b) Zn(s)-- Cd**(a—0.2)—Zn**(a—0.0004) + Cats) 
(c) —20.287 cal.] 


13.16. For the reaction 
Zu(s)--2AgCI(s) -ZnCl;(s) (0.555 m)--2Ag(s) 


A ə 
Egec=1.015 volt while (47) p= 4.02 х 10! volt/deg. Calculate АС, 


АН and AS of the reaction. » [Ans, A S= —18.85 eV.] 
13.17. A cell contains two copper plates dipping in 0.05N and 0.005N solution 
of copper sulphate Calculate the emf of the cell neglecting the liquid junc- 


tion potential. [Ans, 0.059 V.] 
13.18. Calculate the emf of the cell at 18°C 
рун, | № HCl IN KOH | He; Pt 


Assume N/10 HCl.as 90 per cent dissociated and 1 N-KOH as 75 per cent 

dissociated. Ionic. product of water 1x10-!*, Neglect the liquid junction 

potential. 4 
13.19. Given the cell at 25°C Spa dp 

Pb | Pb**(1 M) | Ag*(1 М) | Ag 
(a) Calculate the emf, (b) Calculate the free energy change AG?. 
[Ans. (a) 0.93 V, (b) —42.8 k.cal.] 

13,20. How long could you run a motor requiring 15 ampere by the fuel cell 

reaction CHa-F 201 CO:--2H:0 starting with a 50 litre tank of liquid 

methane (density 0.415 g/ml) and a 50 litre tank of liquid oxygen (densit, 

1.149 g/ml)? Assume 100 per cent efficiency. [Ans. 535 devel 
13.21. Given that the overall reaction for the lead storage cell is 

Pb(s)--PbO:(s)-2H:0 *--2HSO,-—2PbSO.(s) --4H.O 
and that for the Edison cell is 
Fe(s)+NizOa(s) +3H:0 > Fe(OH)2(s)-+2Ni(OH)a(s) 

Calculate the relative efficiencies of those two cells in terms of coulombs 

produced per gram of reactants consumed. — [Ans. 284 с/з and 701 c/g.] 
13.22. A voltaic cell utilizes the reaction 

Zn+Sn*+Zn?++Sn 
What is the potential of the cell when 
(a) (Conc. Sn?*)—1.0 M; (conc. Zn?*)—1.0 M? 
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(b) (Conc. Sn?+)=3.0 M; (Conc. Zn**+)=0.15 M? 2 
(с) (Conc. Sn**2—0.20 M; (Conc. Zn**)=2.0 M? 
[Апз. (a) +0.60 V, (b) 0.66 V, (с) 0.59 V.I 
13.23. The reaction M(s)--3N*(aq.)&M?*(aq.)--3N(s), is at equilibrium when 
[N+]=0 01 M and [M?*]—0.004 M. Calculate, К, E^, and AG? for the 
reaction. [Ans. K=4x 10°, Е°=--0.071 V; AG°=—4.0 k.cal.] 
13.24. Cobalt and nickel are notoriously similar in most of their chemistry. Find 
the equilibrium concentration of Ni?* if 1.0 mole of Ni** is added to a 
1.0 litre solution originally 2.00 M in a Co?* (Ni and Co also present). 
[Ans. +0.03 V for Co--Ni?s$Co?*-- Ni, K=1.03, (Ni**)—0.27 М.} 
13.25. Calculate the emf at 298 K of the following concentration cells 
(а) Ag | AgNO; (aq. 0.01 mole kg-*) ll 
AgNO; (aq., 0.1 mole kg ?) | Ag 
(b) Ag | AgNOs (aq., 0.01 mole kg?) 
AgNO» (aq., 0.1 mole kg ?) | Ag 
(c) Ag | AgCI(s), NaCl (aq., 0-1 mole kg?) ll 
NaCl (aq., 0.01 mole kg *), AgCI(s) | Ag 
(d) Ag | AgCl(s), NaCl (aq., 0.1 mole kg!) : 
NaCl (aq., 0.01 mole kg-?), AgCl(s) | Ag 
given the following activity coeffic ients and transport numbers: 


rz pe 
0.01 mole kg * AgNOs 0.897 0.465 
0.1 mole kg^* AgNOs 0.734 0.468 
0.01 mole kg * NaCl 0.903 0.392 
0.1 mole kg * NaCl 0.778 0.385 


ас]- (in 0.1 mole kg~* NaCl) 
аст бю 0.01 mole kg NaCl) 
where t+ is the transport number of Na+. It is assumed that yNa*-4€D 
[Ans, (а) 0.054 V, (b) 0.058 V, (c) 0.055 V, (d) 0 043 V.} 
13.26. The emf of the cell 
Hg | Hg:Cl:(s), KCI (aq., sat.) | KCl (aq., 0.1 mole kg-), AgCl(s) | Ag 
is 0.047 V at 298 K. The potential of the saturated calomel electrode is 
0.2415 V and the standard potential of the silver-silver chloride electrode 
is 0.225 V. Estimate an activity coefficient for the chloride ions in 0.1 mole- 
kg"! aqueous potassium chloride. [Ans, үсу-=0.77.] 
13.27. Calculate the transport number of the copper ions in dilute copper sul- 
phate solution, given that the emf at 298 K of the cell with transference. 
Cu | CuSO, (aq., 0.001 mole kg™*) CuSO (aq., 0.01 mole kg?) | Cu 
is 0.0268 V. The mean activity coefficients of 0.001 mole kg™ and. 


0.01 mole kg"! copper sulphate are 0.74 and 0.44 respectively. 
[Ans. 1Си1+=0.415.] 


13.28. Calculate the change in standard free energy at 298 K Гог the reaction, 
Zn+Cu2+>Zn**+Cu 
given that the standard electrode potential at 298 K for zinc and copper 


lectrodes are—0.761 У and +0.340 V respectively. 
3 [Ans, —212 kJ mole1.] 


13.29. Calculate the solubility of AgBr in water at 298 K given the following. 
standard electrode potentials: 


(Hint. (а) E j7 2t FE in 
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Ag/Agt, E293 x= +0.799 V 

Ag/AgBr(s), Br-, Ез x= +0.073 V. 
[Апз. Solubility=7.3 x 10-7 mole kg7*.] 
Determine the pH values for the titration curve obtained in the titration 
of 30.00 ml of 0.100 N benzoic acid, HC;H;O2 with 0.100 N NaOH (a) 
after 10.00 ml of NaOH solution has been added, (6) after 30.00 ml of 
NaOH solution has been added, (c) after 40.00 ml of NaOH solution has 
been added. [Ans. (a) 3.92, (b) 8.46, (c) 12.16.] 
Finally divided Ni is added to a solution in which the molality of Sn*? is 
0.1. What will be the activities of Ni** and Sn** when equilibrium is 
established? Assume that the molality is equal to activity for this reaction. 
[Ans. аци+=0.10, agp2+=5.7X 107*.] 


The emf of the cell 
Helg) buffer 1 Normal calomel electrode 

js 0.6885 volt at 40°C when the barometric pressure is 725 mm. What is 
the pH of the solution? [Ans, 6.60] 
A 2.00 volt storage battery is used in an electrolysis in which a back emf 
of 1.45 volts is developed. If the resistance of the entire circuit is 10 ohms. 
(a) What is the magnitude of the current, and (5) What quantity of heat 
is generated by the current flow per faraday of electricity. 


[Ans. (a) 3.055 amp (b) 12,690 cal.] 


LÁ áÁ 


l4 -> 
STRUCTURE OF ATOM 


INTRODUCTION 


Matter is composed of minute particles called atoms. The diameter 
of an atom is about an eight billionth of an inch. It is very difficult 
to imagine anything so small. John Dalton gave first theory of atom 
based on experimental data. The salient features of Dalton’s atomic 
theory are: é 

(i) All matter is made up of tiny particles called atoms. 

(ii) The atoms of a particular element have the same mass or at 
least an average mass characteristic of the element. 

(iii) In chemical reactions only whole atoms participate. 

(iv) Dalton regarded atoms.as indivisible. The discrete nature of 
atom was established from Faraday's laws of electrolysis and the 
study of discharge through gases. From the study of various proper- 
ties of cathode rays it appears probable that they consist of a stream 
of negatively charged particles called electrons. The'rays emitted from 
the anode in the discharge tube are positively charged. These are 
called canal-rays and consist of particles called protons. J.J. Thomson 
determined e/m of electron and gave a. value—1.76 х 108 coulombs/g. 
The charge on the electron was determined by R.A. Millikan by his 
famous oil drop method. The value of electric charge ofan electron 
is —1.602 x 10^ 1? coulomb. The first model of atom was suggested by 
J.J. Thomson. He regarded atom as consisting of a positively charged 
substance distributed uniformly over the entire body of the atom. 
The negative electrons are embedded in this continuous positive 
charge. This model of the atom, which is known as the water-melon 
model, failed to explain the scattering of «-particles and the emission 
spectra of the elements. Rutherford studied the phenomenon of 
scattering of a-particles by thin sheets of metal. He observed that 
most of the «-particles passed through undeflected and only a few of 
them were scattered through large angles. He regarded atom as con- 
sisting of nucleus, where whole of the positive charge is concentrated 
and an extra-nuclear part in which electrons are revolving with a 
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high velocity. This planetary model of the atom failed to explain the 
stability of the atom. 


Line Spectra and Bohr Theory : 

When continuous light is passed through a prism it is dispersed 
into its components. This light when passed through the cells con- 
taining samples of atomic vapours, it is found that the light emitted 
is no longer continuous. The missing wavelengths can be measured 
by permitting the dispersed beam of light to fall on a photographic 
plate. This is known as absorption spectra. An absorption spectrum 
arises from the interaction of certain wavelengths of light with an 
atom. An emission spectrum arises from an excited atom emitting 
certain wavelengths of light corresponding to the emission of energy 
from the atom. The emission spectrum of the hydrogen gives rise to 
spectral series which are called Lyman series, Balmer series, Paschen 
series, Bracket series and Pfund series. 

Niel Bohr suggested a model of the atom to explain the emission 
spectrum of the hydrogen atom. His model is based on the following 
assumptions: 

(i) Electrons move in circular orbits around a central nucleus. 

(ii) Only certain discrete orbits are permitted and the electrons 
radiate no energy when they are in these orbits, я 

(iii) A quantum of radiation is emitted or absorbed when an 
electron jumps from one orbit to another. 

On the basis of these assumptions Bohr calculated the radius of 
hydrogen atom and obtained a value 0.529 A. The energy of an 
electron in the hydrogen atom was calculated and the emission spec- 
trum of hydrogen was successfully explained. 

Bohr theory can be applied successfully to atoms ог ions contain: 


ing only one electron, i.e., hydrogen like atoms (Het, Li?*, Be?*, 
etc.). The radius r of an atom 


from Bohr theory is given by the 
expression 
nh 
ES 230) 
4n?mZer à 


where m is ап integer and сап take values 1, 2,3. 
of one electron and е is the numerical value of the el 
is the nuclear charge, / is a Constant called Planck’ 
universal constant and has a value of 6.6 x 10734 
The total energy, 
expression 


.. etc. т is mass 
ectron charge. Z 
s constant. It is a 
joule sec. 

Total, Of an electron in an atom is given by the 
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2x?mZ?ei, 1 

Érotat =— Shan "уз EO (02) 

Wave Mechanics 
Bohr theory assumed that electrons were moving in orbits about 
the nucleus. It explained the energies of the electron transitions in 
hydrogen and hydrogen-like atoms but not in any atom having more 
than one electron. The theory could not explain the different inten- 
sities of the spectral lines. This theory was improved by introducing 
the concept of elliptical orbits. Bohr theory still had fundamental 
inadequacies. Louis de Broglie proposed that, like light, a stream of 
electrons might have wave properties in addition to particle properties. 
He stated that there is an intimate relation between waves and parti- 
cles. He gave the following relation between the wave and particle 


nature of electrons, 
h 
М5 s i3) 
where т is the mass of electron moving with a velocity v and А is the 
wavelength of the light emitted. C.J. Davisson and L.H. Germer 
measured the wevelength of an electron and confirmed de Broglie's 
hypothesis. Е 
Heisenberg noted that it is not possible to measure both the exact 
position of a small particle like electron and its exact momentum 
simultaneously. This is known as Heisenberg’s uncertainty principle. 
If Да is uncertainty in the determination of position and Ap is 
uncertainty in the determination of momentum, then 
Ap. Aqzh. ... (4) 
Erwin Schrodinger in 1926, making use of de Broglie’s idea of 
matter and waves developed a rigorous equation known as Schrodin- 
ger equation. This is a mathematical equation of second order, i.e., 


Злёт 


vt St (E—V)}=0 T) 


where V? is known as Laplacian operator 


=e 9° 92 
V= Sat apt an ые (б). 
where { is called the wave function, m is the mass of the electron Е 
is the energy of the particle which is constant for the given value of A, 
V is the potential energy of the particle of mass т, h is Planck’s cons- 
tant. The solutions of Schrodinger equation give in terms of several 
variables one of which is the distance from the nucleus г. Once these 
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solutions have been found it is possible to calculate $ for each energy 
state at any point outside the nucleus. 4? measures the probability of 
finding the electron in an infinitestimally small region of space situated 
at the point for which 4? has been evaluated. Probability is used 
because it is impossible to determine the exact position of the electron. 
Charge cloud boundaries are used to enclose all the regions in which 
the chance of finding an electron is greater than 1 per cent. The solu- 
tions of Schrodinger equation are used to describe arrangement of 
electrons in atoms. 

Particle in a box. In the case of a box, V is constant within the box 
(may be taken as zero), it is infinite at the wall of the box and there- 
after. The solution of the Schrodinger equation in this case would be 


.. nnX 
v= A sin — Як» 
ы а 

where n is an integer and can take values n=1, 2, 3, .. . etc., a is the 


side of the one dimensional Бох. (х) gives the probability of the 
particle being present at that x value, this being zero at the walls. On 
making the above substitution it is found that ф is a solution if, 


ne 

SSmus М (8) 
For a two-dimensional box 
2 

-5 (n?x+n?y) 0. (9) 


and for a three-dimensional box 


e= диху) 550) 


та? 


where the nT’s independently take 6n the values Зе нею: 

Hi удговеп-НКе atom. Schrodinger equation in the abbreviated form 
can be written as Нф=Еф. 

The Hamiltonian operator H consists of a kinetic energy and a 
potential energy term. The kinetic energy term can be written as 


he (290, ay, әр 
sels gt Se) d 
‚ The potential energy term сап be obtained by writing down all the 
various coulomb interations between electrons and between electrons 
and nuclei. In hydrogen-like atom there is a single electron and a 
nucleus of charge Z. Hence the potential energy of such a system 


е? 
would be — xS The wave equation can therefore be written 
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n od 924 eu Ze) | 
es aye A Boo: eí1027 
The solution of this equation gives, 
2meiZ2? 
po eme ...@3) 

The actual form of the functions ф is complicated and usually express- 
ed in polar coordinates. It can be expressed as a product of a function 
depending on radius alone, a function depending on ¢ alone, i.e., р 

(т, 8, $) = Rr) Om (Ф) ФФ) +. (14) 
Here R(r) goes through several nodes depending on the п and / values. 
© and Ф functions exhibit various lobes in their polar plot. 

Quantum numbers. All the chemical and physical properties of an 
atom depend on the arrangement of its electrons, therefore quantum 
numbers, which are the solution of Schrodinger equation, provide use- 
ful chemical information. 

Principal quantum number. It defines total energy of the electron 
and is designated by п. It can take integer values 1, 2, 3,.. . etc. The 
radius of the {charge cloud is proportional to z?. A line enclosing the 
region in which the chance of finding a given electron is greater than 
one per cent gives the shape of charge cloud. : 

Azimuthal quantum number. It specifies the angular momentum of” 
the electron. It is designated by / and can take values of 0, 1, 2, 3, ... 
п—1. 

Magnetic quantum number. It defines the possible orientations of the 
angular momentum in space with respect to some arbitrarily defined 
orientation. It is designated/by т and can take values of —/,. . ., —2, 
—1, 0, +2,..., +1 

Spin quantum number. Spin quantum number does not come from 
the solution of the wave equation. It takes into account the spinning: 
of the electron about ‘its own axis as it moves about the nucleus. It 
can take values +} or —4. The value of п the principal quantum , 
number refers to the energy levels for и=1,2,... these are known as 
К, L, М, N,... shells. In a level there are sublevels designated by 
small letters s, p, d, f . .. having angular momentum numbers, / of 0, 
1,2,3...respectively. The charge cloud distribution for electrons 
within a sublevel is called an orbital. 

Pauli’s exclusion principle. It states that no two electrons in the- 
same atom can have the same set of four quantum numbers. 

Hurid's rule. This rule states that electrons will occupy the degene- 
rate orbitals of a subshell singly with spins parallel until the subshell is 
half filled, and then successive electrons will begin to pair up in the. 
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-already singly occupied orbitals. This rule is also known as tule of 
maximum multiplicity. In building up the electronic configuration of 
an atom, electrons are added first to orbitals in sublevels of lowest 
energy. The relative energy of the sublevels is shown below. 


Sublevel Orbitals 


The electronic configuration of oxygen can be written as 
O=8, 152, 25° 2px” 2py! 2p 1. 
-Another way of representing the configuration is 


Ue ДЕК анар 


The ability to write electron configu- 
‘tations for neutral atoms and for 
‘positive and negative ions is funda- 
"mental to an understanding of chemis- 
try. If one stacks up the various sub- 
Shells as they occur in each main 
period of elements, the order of 
occupancy by electrons follows a 
diagonal pattern as shown below. The 
diagonal arrows indicate that the 
order in which the subshells are 
occupied by electrons is first the 15, 
then the 2s, then the 2p followed by 
3s, then the 3p followed by the 4s, 
then the 3d, 4p and 5s and so on. 

In SI units the values of Some im- 
portant constants used in this chapter are: 

(i) The speed of light in a vacuum is 2,997 x 108 ms71, 
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(ii) The Rydberg constant is 1.097: 107 m^. 

(iii) The charge of an electron is 1.602 x 10729 С. 

(iv) The Planck constant is 6.626 x 10-34 Js. 

Problem 14.1. Calculate the wavelength of light that has the energy 
2.6 х 107}? erg. 


Solution. E=hy= x 
hc 
pude 
= 6.63 X 10-27 es x 3.0 x 1010 


2.6x10 1? exs 
A= 7.6x1075 cm. 

Problem 14.2. What is the energy of photons with wavelength 
0.50 À? 

Solution. |. E—Av 

E-—hc/A 
6.63 x 10-27 erg sec x 3.0 x 1019 
0.50 x 1075 cm 
Е=4.0Х 1075 erg. 

Problem 14.3. An atom is known to absorb energy of 5.0 x 107 
erg. In the spectrum of this atom, where will be a missing wavelength? 

Solution, | E—Av 


Е= cm sec ! 


hc 
Е= 5 
he 
“= 
4: 9:62 X 10"? erg sec 3.0 x 101° cm | 1A 
Е 5.0 107! erg. sec. 1078 cm 
^=400 А. 


Problem 14.4. In the emission spectrum of hydrogen, the spectral 
series with п equal to three is called the Paschen series and is observed 
in the infrared region of the spectrum. Calculate the wave number 
for the limit of this series of lines. 

Solution. The wave number of the individual lines obtained in the 
emission spectrum of hydrogen fits a mathematical series given by the 


formula 
A. 1 1 
zi m т ) 


у is the observed wave number, R is a constant called Rydberg’s cons- 
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tant. m and n are integers, m>n. In each series the lines become closer 
4 Ate 1 
together and reach a limit at m equal to infinity, i.e., mi =0 
2 Е 0З 
9=109,737 cm {== 


3—109,737 cm™ (0.111) 
»==1.22 10! emt, 
Problem 14.5. If an electron drops back from the n=2 to n=1 


energy level, what is the wave number that would be Observed in the 
emission spectrum for the transition? 


Solution. у -a(1— 1 ) 


У = 8.23 x 104 cm"), 


Problem 14.6. Calculate the radius of the first allowed Bohr orbit 
for hydrogen atom. 


ninm 12 x 6.63 x 10-27 erg-sec. 
4n?me! — (3.149.109 x 10-28 g)(4.8 x 10719 
r=0.529 x 10-8 cm 
r=0.529 A, 


Problem 14.7. Calculate the energy of an electron in the first orbit 
of hydrogen. 


Solution. r= 


Solution. £—.. € 
Р 2r 
= (4.8 x 1071 esu)? 
2(0.529 x 1078 cm) 


Е = —2.178 x 10-11 erg. : 
Problem 14.8, Calculate the velozity of an electron in the first Bohr 
orbit of the hydrogen atom. 


Solution. у= р Ga) ys 
2x /т,г 
n =1, r=0.529 x 10-8 cm 
os 1 X 6.6256 x 10-27 
2(3.14)(9.109 х 10-28 8)(0.529 x 10-8 ст) 
Problem 14.9. If the electron of the hydrogen atom has been excited 


to a level Corresponding to 10.2 electron volts, what is the wavelength 
of the line emitted when the atom returns to its ground state? 


erg-sec. 
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Solation. AE-—Es—E, 
AE=Iy 
he 
DE=10.2 eV 


DE=10.2X 1.6 x 1079 J 
6.624 x 1073+ x 3 x 10° m 


qm 10.2х1.6х 10719 
х—6.624х 10734 x 3 x 108 X-10° 


10.2 x 1.6 x 1071? 
A=121.8 nm. 

Problem 14.10. A certain FM station broadcasts at a frequency of 
89.7 Mc (89.7х 108 sec). What is the wavelength of this trans- _ 
mission? 

Solution. Since, Av=c 
Substituting the values of v and с, we get, 

А (89.7 х 108 sec) = 3.00 x 1019 cm sec! 
3.0 x 1010 cm sec 
89.7 х 168 sec 1 
A= 3.34 x 10? cm 
A=3.34 m. 

Problem 14.11. Show that the ultraviolet line in the Н atom spect- 
rum corresponding to the transition 4 — 1, has (a) energy 294.0 К. 
cal. mole-!, and (b) wavelength 973 A. The energy of level 4 is —19.6 
К. cal. mole"! and that of level 1 is —313.6 К. cal. mole". 

Solution. (a) AE=Efinat—Einistat 

AE= —313.6—(—19.6) К. cal. mole 
AE= —294.0 К. cal. mole™?. 
This is the energy charge of the atom, the energy of the light q quan- 
tum emitted has the positive value 
AE- +294.0 К. cal. mole! 
(b AE-—hs 


Av=c е 


A= 
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n (9.54 x 10711 К. cal mole“! sec) (3 x 10!? cm sec™4) 
294.0 К. cal. mole 


х= 973 A, 


Problem 14.12. What is the de Broglie wavelength of (a) a mass of 
1 kg travelling at a speed of 1 cm 3—1, (b) the same travelling at 100 
km 571, (c) a helium atom in a container at room temperature, and 
(d) an electron accelerated through a potential difference of 100 V, 
1 kV, 100 kV? 


Solution. Since, == ER 


(a) A=(6.626 x 10-84 Js)/(1073 kg) x (107! 2571) 
A=6.626 x 10-29 m 
(b) 


A=(6.626 x 107% 15)/10-з kg) x (105 ms71) 
A=6.626 х 10736 m, 
(c) kinetic energy, 4mv2=3 kT 


a v= У (3 kT/m) 


Nee ina 
mv 3kT/m 
ЕЕ. 
‚У ЗЕТ т 
т=4.00 x (1.66 x 10-27 kg) 
m=6.64 x 10-27 kg 
(6.626 x 10734 Js) 
0-27 Кох 1.38x 107?9]K71 x 298K) 


a М3х6.64х1 
A=73 x 10-12 m 
A=73 pm. 
(d ye Ag 
where A4 is the potential difference 
| y—4/2e Д$/т 


h 


te 


my 


л=м 2 те Ad 


Since 


NA (6.626 x 1072: Js) 
"V2x9.10 X 09 kgx 1,603 P Ge AT 
Ne g 07? Cx Ao) 


4$=100 V, A=(1.23x 19-2 m)/V 100. 
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А=1.23 х 10710 т 
A=123 pm. 

A$-1KkV, A=(1.23 10-9 m)/V 108 
A=3.88 10711 m 


А=38.8 pm. P. 
A$-—100kV, A—(1.23x 107? m)/V 10° 
A=3.88 pm. 


Problem 14.13. What is the degeneracy of the level of the hydro- 
gen atom that has the energy (a) — Кн, (b) —Ru/9, (c) —Rx/25? 

Solution. £,=—Ru/n? 

(а) E=—Ru, .. n=1 whenn=1, /=0, 

т„=0 
The level is degenerate. 

(b) E= -—Вн/9, Sn3 when и=3, p=0, 1, 2 
when /—0, m,=0 (Ls-orbital) 
when /—1, m,— —1,0,1 (3d-orbital) 
when /—2, m,——2, —1, 0, 1, 2 (5d-orbitals) 
This is 1--3--5—9 states in all. The degeneracy is 9. 
(с) E= —Ru/25 4 n=S, p=], 2, 3, 4 
when /=0, mc=0 (1s-orbital) 


when /=1, me=—1,0,1 (3p-orbital) 
when /=2, т,= —2, —1, 0,1,2  (Sd-orbital) 
when /=3, m,— —3, —2, —1, 0, 1, 2, 3 (7f orbitals) 


when /—4, m,— —4, —3, —2, —1, 0 1, 2, 3, 4 (9g-orbitals) 
That is 1-++-3+-5+7+9=25 states in all. The degeneracy is9.... 

Problem. 14.14. Calculate А for an electron moving with 0.1 G 
using resting mass me=9.109534 х 107?! kg as the mass. 

Solution. A= JE 

my 
jl 6.626 x 10-33 Js 
~ (9.11 x 107?! kg)(0.1)(3.00 x 1078 1571 
A=2.42 x 1071! m, 

Problem 14.15. The de Broglie wavelength of a particle is given by 
A-h|p where p denotes the momentum of the particle. Show that a 
Bohr orbit for a hydrogen-like atom has a circumference that is an 
integral multiple of de Broglie wavelengths of an electron of that 
momentum. j 

Solution. According to Bohr angular momentum of an electron is- 


nh 
quantized, i.e., mW = 7 era (1) 
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nis an integer. This equation may be written as, 


Me 
2ar=n. ... (2) 
h 
2zr=n.— ses he 
дг=п x (3) 
since p=my. 


Equation (3) can be written as using de Broglie’s relation 

2nzr—n .. (4) 
Hence the Bohr orbit for a hydrogen-like atom has a сена 
that is an integral multiple of de Broglie wavelengths of an electron 
of that momentum. 

Problem 14.16. The minimum energy necessary to overcome the 
attractive force between the electron and the surface for silver metal 
is 7.52 x 10-1? erg. What will be the maximum kinetic energy of the 
electrons ejected from silver which is being irradiated with ultraviolet 
light having a wavelength 360 À? 

Solution. E=hy,=7.52 х 107? erg 


1 
рт" =h—Io 


Панса, 

2 my hvo 

1 туз $6.63 107” erg sec) (3 x 101° cm sec™?) 
2 3.60х 100 — 


B my?—7.52 X 1071? erg 


у т=4Л1 x 1071" erg. 


Problem 14.17. The eigen function for a 15 electron of a hydrogen 


like atom is given by }=k.e. —— where kis a constant and a? is 


the radius of the first Bohr. orbit f or hydrogen. Show that the radius 
at which there is a maximum probability of finding a 15 electron is 
just "а 0/2. 
Solution. The probability, Р, of finding an electron in unit element 
of volume at a distance г is given by 42 and the TENE of finding 
the electron at a distance г is given by 4 x r2y2 
This is denoted by P, given by 


P= Skre 
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—2Zr/a? 25 
2 e [2 2Zr/a De (2 ) Е 2Zrlao ] 


221] 
Skre Uh (1—2) 


The solution therefore is, 2 =] 
o 


Ao 


or Га 7. Ans. 


Problem 14.18. Obtain the expectation values of x, x? 
for the particle in the box. Calculate the value of (Ax) 
Is this in accordance with Heisenberg's uncertainty pri 


Solution. The physical quantity and the correspo: 
are 


„рапа px? 
rms (AP) pms. 
inciple? ` 

nding operators 


Physical quantity x x? px px? 
; hid h га 
X=x xx dem 
Operator х P= Ii ( dx ) inl Ga) 
Expectation value x x2 


> px px? 
(i) Calculation of x x 


= ac sin (E ) ax 
0 
am 
= 2 
а 54| P sin В. dg 
0 
пт 
= ZA p? B sin 28 cos2g 
и 4 4 Shut 
0 


= aa ) sin 28 I 


0 
a 3 
= S(r) 
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(iii) Calculation of р, 


This corresponds to the classical picture of a particle moving back 

and forth with constant velocity. This gives an average momentum 

equal to zero. а 
(iv) Calculation of p,2 


a 
2 5 пах h d 4 пах 
2— — е — „а. Я 
Dual | sin ( = X ae i) sin (= ax 
0 


2птёр? пх 
реа | st ("=") 
nh 4 
рх = "dai 
p,-—2mE 


The Heisenberg uncertainty relation: 
(v) Let x stand for the result of a single measurement of the system. 
Then the deviation of this measurement from the averge is 
Ax-—x—x; 
(Ax? —(x—3x)* 


CAxy-(x—x 


= 
VA) (Дх), =V FP 
3 ur 

Th Ax E КОЗҮ шь 
us (Ax) APTE > 


(Да), _О@—з) )? 


(дт 2 


(Ax),,7:0.819. 
(Лр) Ge) 


4a 
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nh 
(ДР) 40 


nh 
(APz)m:— 4 


(AX) mss (ЛР) аз 
nh 
=0.819 x EU 
—0.205 nh 
А ch. 
The uncertainties in the position and momentum are thus in accor- 
dance with Heisenberg's principle which requires that 
AXxAp,2h. 2 
Problem 14.19. What is the electron configuration for (a) Nitrogen, 
(b) sodium, (c) aluminium, and (d) chromium? 
Solution. (a) Nitrogen is element of atomic number 7, its configu- 
ration is 
152, 25? 2рз (2+2+3=7) 
(b) Sodium is element of atomic number 11 
152, 25° 2p*, 35% (2+2+6+1=11) 
(c) Aluminium is element of atomic number 13. 
152, 25° 2p*, 35° 3p! (24+-2+6+2+1=13) 
(d) Chromium is element of atomic number 24. 
Its configuration is expected to be, 
152, 2s? 2p*, 35° 3р% 34%, 4s? 
However the actual configuration is 
15°, 25? 2p*, 3s? 3р° 345, 4s! (2+2+6+2+6+5+1=24) 
This is because two half filled subshells, 34 and 451 is a more stable 
arrangement than one partially filled, 34* and one completely filled, 
452, . à 
Problem 14.20. Write the electron configuration for the element 
with atomic number 118. 
Solution. 
152, 2s? 2p*; 352 3p* 3d:6, 45° 4рб 4019 4f14, 55° 5p* 5410 
5f14, 652 6p* 6410, 7s? 7р%. 
Problem 14.21. Which of the following transitions are allowed in 
the normal electronic spectrum of an atom: (а) 2s — 1s, (Б) 2p — 15, 
(с) 3d — 2p, (d) 5d > 35, (е) 3p — 35? 
Solution. Л/= 1, An=any integer 
(а) 2s — 15 Al=0 2, forbidden 
(b) 2p > is Al= —1, An=1 ~. allowed 
(с) 342p  Al= —1, Дп=1 ~, allowed 
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(d) 5d — 3s Al=2_  .. forbidden 

(е) Sp > 35 Al=1, An=2 .. allowed. 

Problem 14.22. A hydrogen-like 1s-orbital in an atom of atomic 
number Z is the exponential function b,,(r)=(Z/mao®)! ? exp (—Zr/ae). 
Form the radial distribution function and derive an expression for the 
most probable distance of the electron from the nucleus. What is its 
value in the case of (a) helium, (5) fluorine? 

Solution. Lo 2, j: exp ( 21) а0=53 pm 
Radial distribution function (RDF) 

сочно) ev (=) 
The most probable distance is the value of г for which the radial 
distribution function is maximum 


Z \ —2Zrla ZW? — 
fepr)= Snr (= Je LL (£y (ze 22а o 


do Tao 
at r=r* 
Zr* 
1==— or r*=a,/Z 
do 


(а) Z—2;  r*=ao/2=26 pm 
(b) Z=9; r*=do/9=5.9 pm. 
Problem 14.23. What values of J may arise in the following terms: 
15, ?P, зр, зр, р, 1D, 4D? How many states occur in each level? 
Solution. Since J=L+S, L+S—1,... | L—S | 
1$; L=0 $—0  .. J—0, i.e. 195; 2J+1=1 .*. 1 state 
2P; L=1 S=} /.7=8, $, i.e., ЗРиз, ЗРуз with 4, 2 states respec- 


tively. 

3P; L=1, S=1 ^. J=2, 1, 0 i.e., ЗР., ЗРа, 2Р with 5, 3, 1 states 
respectively. 

зр; L—2, S=1 7. J=3, 2, 1 i.e., ?Da, ?Ds, 3”, with 7, 5, 3 states 
respectively. 

їр; L—2, S=} 7. J=}, 2, i.e., ? Буз, Раз with 6, 4 states respec- 
tively. 


1D; L=2, S=0 ~. J—2, i.e., 10, with 5 states. 


4D; L=2, S=2, г. J=%, 41 Le, “Риз, 4Ds,2, 4Ds,2, “Виз 
- with 8, 6, 4, 2 states respectively. 


EXERCISES 


14.1. Fillin the blanks: 
(i) The electron is . . . charged particle with a mass... g. 
(ii) The proton is , . . charged particle with a паз... 5. 
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(iii) The nucleus is made up of... and... 
'(iv) Та a hydrogea atom consisting of just one proton and one electron, 
the greatest proportion by weight is accounted for by the...(elec- 

tron, proton). d 

[Ans. (i) negatively, 9.11 x 10-8 g; (ii) positively, 1.673 x 10—?' р; 
(iii) neutron, proton; (iv) proton.] 
14.2. If an iron atom is spherical in shape and its volume is 1.8 X 10—23 c.c., 
what is the radius of an iron atom? [Ans 1.41 X 107* cm.] 
14.3. Compare the emission spectra of atomic hydrogen and deuterium. Assume 
m.—9.102514x10-?? kg and Mpucleus= 16726485 x 10-7 kg for Hand 


3.343398 x 107% kg for D. . : 
[Ans, R=109,677.59 стт! for Н and 109,707.43 cm™ for D, giving slightly 


higher values of y and slightly lower values of д for D.] 


144.Iron has an atomic weight of 55.8 and a density of 7.87 g/c.c. Calculate 
the volume occupied by each iron atom. [Ans. 1.8X 10-23 c.c./atom.] 
14.5. The nucleus of platinum atom has a radius of 5.0x 107! cm. Platinum has 
an atomic weight of 195.2 and a density of 21.4 g/c.c. If a platinum atom 
is spherical in shape, how many times larger is the radius of platinum 
atom than the radius of the nucleus? [Ans. 3.1 x 105.] 
14.6. The frequency of a wave of light is 1.0% 10° зес-1. What is the wavelength 
for this wave? : [Ans, 3.0 10! cm.] 


14.7. If the wavelength of green light is about 5000 A, what is its frequency? 
[Ans. 6.0x 101 зес-1.] 


14.8. In a photoelectric effect experiment, light of frequency 1 х 1018 sec^? yield- 
ed electrons with maximum kinetic energy 5.0 X 107? erg. Calculate vo for 
the metal. [Ans. 2.5 х 1015 ѕес—2.] 

14.9. When a certain metal was irradiated with light having a frequency of 
3.0 X 101° зес-1. The photoelectrons emitted had twice the kinetic energy as 
did photoelectrons emitted when the same métal was irradiated with light 
having a frequency of 2.0 x 10?* sec. Calculate vo for the metal. 

[Ans. 1.0х 101% sec7?.] 
14 10. Which of the following statements concerning the function of the two 


quantum number are correct? 

(i) 1 determines the size of an orbital. 
(ii) п determines the shape of an orbital. 
(iii) n determines the size of an orbital. 
(iv) 1 determines the shape of an orbital. 
(у) п determines the number of lobes of electron density in an orbital. 

[Ans. (iii) and (iv) are correct.] 


he following rules must be adhered to in the Aufbau process? 


14.11. Which of t 
lectrons. To do so 


(i) An orbital can accommodate a maximum of two е 
the electrons must be of opposite spins. 


(ii) Electrons have to be fed into the orbitals in order of increasing 


nergy. 

(iii) ны of orbitals of the same energy has to be completely filled 
before proceeding to the next orbital or set of orbitals. ; 

(iv) Whenever electrons are added to orbitals of the same energy if possi- 
ble, each orbital is allocated one electron before any pairing occurs, 
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(v) Whenever electrons are 


allocated singly to separate orbitals of the 


same energy, the electrons must all have the same spin. [Ans, (iv).] 
14.12. Match the terms on the left with the definition on the right: 


A. Pauli exclusion principle 
B. Schrodinger equation 


C. Hund’s rule 
D. Wave function 


E. Probability 
F. Uncertainty principle 


(a) the wave function squared. 

(b) a solution of the wave equation. 

(c) no two electrons may have the same 
four quantum numbers. 

(d) in orbitals of equivalent energy 
electron spins remain unpaired, if 
possible. 

(e) relation of energy to wave properties. 

(f) the position and velocity of an elec- 
tron may not be measured simulta- 
neously and exactly. 

[Ans. A (c), B (е), C (d), D (b), E (a) F (f£). 


14.13. Match the terms on the left with the symbols on the right: 


A. Wave nature of matter 
В. Uncertainty principle 
C. Probability 

D. Wave function 

F. Probability density 


(а) Ф 
(b) А= Ар 
(с) (Ap Ax) Z Ак 
(d) N? er 
(ees : 
[Ans. A (b), B (с), C (e), D (a), В (d).] 


14.14. The work function which is the maximum energy required to remove an 
electron from a substance, is related to 


(a) the wave number. 

(b) the angular momentum. 
(c) the threshold frequency. 
(d) the quantum number. 
(e) the frequency. 


[Ans, (c) the threshold frequency.] 


14.15. The diameter of earth is about 8,000 kilometres. Imagine the situation in 
which only the nuclei of all the atoms in the earth were piled together 
(а) How high a sphere would you have? 
(b) It is impossible to perform this imaginary feat because of the tremen- 
dous forces of electrical repulsion that would be produced. Explain. 


[Ans. (a) The diameter of the 


nucleus is 1/10,000 the diameter of the atom. 


So, if the bare nuclei were piled together, the earth would be a 
sphere 0.8 kilometre in diameter. 4 
(b) There would’ be no negative electric charges to offset the repul- 


sion of all the positively charged nuclei.] 


14.16. Select the term best associated with each definition, description or specific 


examples. 


Terms: (A) Planck's constant (B) discontinuous spectra (C) ground state 
(D) Bohr atom (E) quantum mechanics. 


(a) for the carbon atom, it may be represented by 1s?, 25°, 2px 


1, py}, 


(b) application of wave characteristics to certain properties of matter, 
(с) experimental evidence for quantized energies of electrons in atoms 
(d) model suggesting quantized orbits for electrons in atoms. 


(e) equal to EA divided by c. 


[Ans. a (C), b (B), c (BX, d(D), e (A). 
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14.17. Select the terms, best associated with each definition, description or 
specific example. 
Terms: (A) continuous spectrum (B) electron diffration (C) empirical (D) 
exact state (E) isoelectronics (Е) kinetic energy (С) momentum (Н) orbit 
(I) quantum numbers (J) sublevels. 
(a) characterised by energy greater than that of the ground state. 
(b) closed trajectory around a reference point. 
(c) designations of electron characteristics contributing to an overall energy 
state. 
(d) 2s. 
(e) light from an incandescent source. 
(f) derived from experimental rather than theoretical considerations. 
(g) evidence for wave properties of electrons. 
(h) evidence for wave properties of electrons such as Li and He. 
(i) mv. 
(7) dmv’. 
[Ans. a (D), b (H), с (D, d (1) e (A), f (С), g (D), h (E), i (G) & j (F).] 
14.18. Select the term best associated with each definition, or specific example. 
Terms: (A) Bohr model (B) comptom scattering (C) discontinuous spectra 
(D) ground state (E) isoelectronic (F) node (G) orbital (H) potential 
energy (I) quantum numbers (J) rest mass. 
(a) experimental evidence for quantized energies of electrons in atoms. 
(b) experimental evidence for particle properties of light. 
(c) model suggesting quantized orbits in atoms. 
(d) 25. 
(e) a region of zero probability. 
(f) for the electrostatic system represented by the hydrogen atom, this term 
is =e у : 
(g) He, Li+, H7. я 
(h) for the electronic system of the Li atom, it may be represented by 15°, 
251. 
(i) suggested to be zero for a photon. 
(j) designated by characteristic values for the symbol n, /, m and s. 
[Ans. a (С), b (B), c (A), d (G), e (E), /(Н), g (B), А (D), i (1), j (1).1 
14.19. Calculate the ionization potential (in calories per atom) for the hydrogen 
atom (corresponding to a transition for п = 1 to n = 0 that is, from 
x -1to E=. The experimental value for the ionization potential of 
the hydrogen atom is 13.6 electron volts per atom. Compare this with the 
calculated value. [Ans. 5.2x 107?* (13.7 eV.] 
14.20, Calculate the wavelength in the hydrogen spectrum, in angstroms, corres- 
ponding to an electron transition from n=7 to n—2. R=1.098 X107? А 
[Ans. 3970 А.] 
14.21. Find the most probable radius at which an electron will be found when it 
occupies a 15 orbital of an atom with atomic number Z, and tabulate the 


values for the first row of the periodic table. 
[Ans, H 53; He 26; Li 18; Be 11; B 11; C 8.8; N 7.6; o 6.6; Е 5.9; Ne 5.3.] 
14.22. А series of lines in the spectrum of atomic hydrogen lies at the wavelengths 
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656.46 nm, 486.27 nm, 434.17 nm and 410.29 nm. What is the wavelength 
of the next line in the series? What is the energy required to ionise the 
hydrogen atom? [Ans, 397.13 nm; 3.40 eV.] 
14 23. What is the ratio between the coefficients of spontaneous and stimulated 
emission for light with a wavelength of 6000A and for the microwave 
radiation with a wavelength of 3 cm? 
[Ans 60004, (-4-) =7.7076x 10= свз units 3 ст, (4 )-6166x107* 
"WEB ME 
cgs units.] 
14.24. The work function W is the potential barrier that an electron must pass in 
` order to be able to leave a metal. If W is 2eV, what is the value of the. 
frequency vo and wavelength zo of the light that we must shine to begin to 
observe the photoelectric effect. 


[Ans. 94,837 x 10'4 5—1, 40=6197.7А.] 

14.25. If it takes approximately | erg of energy for a fly to lift off from a table 

top how many flies could get air borne by a Avogadro’s number of photons 

of the yellow sodium light of wavelength 53004? [Ans, 2.0 x 10° flies.] 

14.26. The ionization energy of potassium is 425 kJ/mole. What must be the 
minimum frequency of a photon that can affect its ionization? 


[Ans, 1.06 x 1015 sec] 
14.27. Match the following: : 


(a) Frequency (1) 4863À 

(b) (Wavelength) x frequency (2) ch 

(c) Energy (3) hv 

(d) Infra-red (4) 3x10” cm 
6) An 


(6) 10,000 Á. 


: [Ans. (а) 2, (b) 4, (c)3, (d) 6] 
14.28. What is the energy of light having wavelength 100A expressed in kiloca- 


lories per mole? (b) How does this compare with the amount of energy 


required to ionize H atoms? (c) What effect would a light quantum of this 
wavelength have if it collided with a hydrogen atom? 


[Ans. (a) 2.86x 10° k.cal/mole7!, (b) larger than IE, 
А (с) it would ionize the Н atom.] 
14.29, The emission spectrum:of ‘He is shown below 


6678 5875 5015 4921 4713 4471 4026 


А, А® 


The wavelengths are given in А. 

(a) Indicate the emission lines of highest and lowest energy. 

(b) Calculate the frequency of the two lines in (a). 

(c) Assume that the figure shown is a photographic record of the Spectum. 


Would the lines be bright against a dark background or dark against a 
light background? Why? 
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[Апз. (a) Highest energy, 4026A, lowest energy 6678 А; (b) 7.447 х 108Hz 
and 4.489x™ Hz; (c) Bright against. dark background. This is 
because the emitted light strikes exposed tilm only at lines.] 
14.30. The following are the characteristic X-ray wavelengths for some metals. 
Rb, 0.93A; Mg, 9.87A; Cr, 2.29A, Ca, 3.35A. (a) Calculate the energy 
level differences in these atoms indicated by the emission of X-rays. 
(b) What orbitals might be involved in these transitions? 
[Ans. (а) Rb, 2.1x 10-8 ergs; Mg, 2.01 х 107° ergs; Cr, 8.7x10-° ergs; 
` Ca 5.9x 107° ergs; (b) 2s to 15.] 
14.31. Using the hydrogen atom as the model (a) Calculate the energy when the 
principal quantum number of its electron is 6, and (b) calculate the work 
done in kJ/mole required to ionize a hydrogen atom whose electron was 
originally in the n=2 level. 
[Ans. (a) —6.1 x 107:3 ergs/atom, (b) 3.3 х 10? kJ/mole.] 
14.32. The solution of Schrodinger equation for an electron in the ground state 
of the hydrogen atom is 
ид —r]ao 
Pis V nab е 
where г is the distance from the nucleus and ao is 0.529х10- cm. The 
probability of finding an electron at any point in space is proportional to 
| W' | 8. Show that the maximum probability of finding the electron in the 
1s orbital of hydcogen occurs at "= ао. 
14.33, Tne ionization potential of the outer electron of sodium is 0.2 atomic 
energy units. Assuming the solium atom as a hydrogen like kernel plus 
the outer electron. Calculate the effective nuclear charge seen by that 


electron. [Ans, 1.9.] 
(Hint, For sodium atom n=3 and the ionization energy would be 
18:6 ог 1.5 eV.) 
9 
14.34. The energy of a particle іп а опе dimensional box is given by == we 
ma 


Show that the product of the momentum p of the particle a is of the order 

of magnitude of Л. The relativistic effects may be neglected. : 
14.35. A cubic box of side 10 A contains 8 electrons. Using the concept of simple 

particle in a box, calculate Ле for the first excited state of the system. 
: [Ans, 1.13 eV.] 
14.36. An electron confined to a one dimensional box 1.4 A in length has а 
ground-state energy corresponding to light of wavelength about 700 Á. 
Benzene,asa rough approximation, may be considered to be à two 
dimensional box that encompasses the regular hexagonal shape. The C—C 
bond length in benzene.is 1.4А so the side of the box would be 2.8А. 
Estimate the wavelength for transition from ground staie to excited state 

of benzene assuming it is just the z-bonding electrons that are involved. 

[Ans. 930 A] 
14.37. А linear conjugated system, that is; —-C=C—C=C—C=, contains P 
carbon atoms in the chain; the average C—C distance may be taken to be 
1.5А. If As for the transition from the ground to the first excited state is 
2 eV, show what the value of P must be, according to the particle in a 
box-treatment. [Ans, 9.0] 
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14.38. A hydrogen like wave function Чит is of the form ¥ 


r* 51140 sin*o. Calculate the values of n, l and т. 
[Ans. n = 5, l = 4, т = 4.] 
14.39. Evaluate the normalization constant for a system of non-interacting 
particles moving along the x-axis if there are so particles per unit length [. 
The value of / is chosen in such a way that the cos І = 0. 


[^ ? (d= 75 sin ( xs )] 


14.40. Calculate the mean position x, х°, the mean momentum Pn and the mean 
kinetic energy Exi, of the quantum state with state function, 


= i (=) 


where a is a constant having the dimensions of length. 


; ge au. ү i; ur 
Е r= # 3 ( 1га Joe Ekin™ gs ‘| 


14.41. What group will the elements with these electron configurations occupy in 
the periodic table? 
(а) 15°, 2s? 2р! 
(b) 1s*, 25? 2p*, 35? 
(с) 1s?,2s? 2p*, 35° 3p* 34%, 45° 
(d) 15°, 25° 2p*, 3s? 3p*. 
(Ans, (a) Group IIIA, (b) Group IIA, (c) Group VB, (d) Zero group.) 
14.42. The electron configurations for some elements are given below. What are 
the quantum numbers и and / for the outermost electrons in each element? 
(a) Li 153, 251 
(b) Cl, 15°, 2s? 2p*, 352 3р5 
(c) Zu, 15°, 25° 2p*, 352 3p° 3d™, 45% 
(d) Fe, 15°, 25° 2p*, 35° 3p* 3q*, 452, 
[Ans. (a) n=2, 1—0; (b) n=3, 1=1; 
(c) n=4, [=0; (4) n=4, 1=0.] 
14.43. What shell and subshell are represented by following values of n and [? 
(a) n=3, 1= 1; (b) п=4, 1=3; | (с) п=7, 1=0. 
[Ans. (a) 3p, (b) 4f, (c) 75.1 


nh (Const.) 


14.44. Write the electron configuration of Ni?* ion. 


[Ans. 15%, 25° 2р%, 352 3p° 348] 


14.45. Write tlie electron configurations for the following ions: 


(a) СГ, (Б) Ca**, (c) Бет, (d) Cr+, (е) №-. 
[Ans. (а) 15°, 252 2р5, 352 3р 
(с) 15° 25% 2p*, 352 3р°, 34%, 

(е) 152, 252 2p*.] 

14.46. Identify the first element appearing in the periodic table which has 
(a) four 2p electrons. 
(b) two 4p electrons. 
(c) two electrons in a d subshell, 

(d) three electrons in a 6p subshell. 
(e) one electron in the 44 subshell. 
(f) three electrons in the 54 subshell. 


[Ans. (a) О, (b) Ge, (c) Ti, (d) Bi, (е) Y, (f) Ta.] 


(b) 1s*, 25° 2p*, 352 3p* 
» (d) 15°, 25? 2p*, 35? 3p* 343 


15 
CHEMICAL BONDING 


Atoms combine to form chemical bonds because of a decrease in 
potential energy with a corresponding increase in stability. Particles 
attract one another in a most stable relative position when they are 
close that is in a state of lowest potential energy. Chemical bonds 
form because the atoms are in a state of lower potential energy and 
in a more stable condition in the bonded situation then they are, 
when separated. 

G.N. Lewis based his concept of bond foriuation on the observa- 
tion that the noble gases are exceptionally stable and that these ele- 
ments contain eight electrons in their outermost energy level. This 
led to the rule of eight or “‘octet rule", which states that atoms will 
bond in such a way as to attain eight electrons in their highest 
principal energy level. This is a simple model and works in most of 
the cases. 

Ionic bonds. are formed when the ENS atoms exchange 
valence electrons. Covalent bonds aré formed when the combining 
atoms share valence electrons. 

Coordinate covalent, bonds are formed when both the electrons 
needed for the bond formation are provided by one atom; called the 
donor and the atom which takes this electron pair is called the 
acceptor. This bond is also known as the polar covalent bond. 

The concept of electronegativity is very useful and helps to predict 
the type of bonding in the molecule. The limits established as criteria 
for ionic, polar covalent or covalent compounds are used as the 
general guidelines. 

The following guidelines should be followed for writing the electron 
dot formula. 

1. Determine the total number of valence shell е noting 
the charge on the species if there is one. 

Total number of electrons=sum of valence electrons+or —charge. 

2. Arrange the atoms in the order in which. they are bonded in the 


structure. 
3. Place the total number of valence shell electrons around the 
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atoms symmetrically in groups of two, so that all atoms have eight 
electrons, except hydrogen, which should have two. 

4. If it is not possible to get eight electrons around the atoms 
(other than hydrogen) by symmetrical placement of electrons, some 
bonds may be double or triple bonds. Or one or more of the atoms 
may not obey the rule of eight. 

5. The number and location of double or triple bonds usually can 
be determined by first placing the electrons around the atoms sym- 
metrically in groups of two and then moving pairs of electrons to 
spots between atoms until. each atom has eight electrons. 

Pauling assumes that the ionic radius of the univalent ions is given 
by : 

Ri=C,/(Z—S), ses AL) 
where C, is a constant for isoelectronic species, Z is the nuclear charge, 
S is the reduction in nuclear charge sensed by the valence electrons 
due to screening by the inner electrons. By choosing salts composed 
of isoelectronic ions, one obtains the results that the univalent radii, 
Кү are inversely proportional to the effective nuclear charges (Z—S). 
The interionic distances can be determined from X-ray diffraction 
measurements along with the screening constants, hence Ri; can Бе 
calculated. 

VSEPR method. The VSEPR method for predicting molecular 
shape in accord with the experiment suggests that р 

1. The general shape of the molecule will be determined by the 
symmetrical arrangement of electron pairs around atoms. The number 
of pairs is obtained from a correctly drawn electron-dot structure. 

2. In applying the rule 1, double bonds are to be treated as if they 
contributed only one bonding pair to those on the central atom. 

3. Lone pairs occupy more space than single-bond pairs. 


Valence Bond Theory 

According to this theory, bonding occurs by the exchange of elec- 
trons between the atoms forming the bond. The exchange of electrons 
is made possible by the overlap of valence electron orbitals of one 
atom with the valence electrons orbitals of another atom. Consider 
two atoms, each with a valence orbital with one electron in it. As 
these atoms are brought together, there is an attractive force which 
lowers the energy of the system. This attractive force is due to the 
overlap of orbitals permitting the exchange of electrons from one 
atom to another. The exchange of electrons from one atom to another 
places two electrons in the same orbital. Consequently, the overlap of 
orbitals is permitted by Pauli exclusion principle only if the electrons 
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are of opposite spin. On the other hand, if the electrons have the 
same spin, there is a repulsion between the electrons causing no 
orbital overlap. In such a case there will be no attraction between 
atoms and hence no bonding. 


Molecular Orbital Theory 

The valence bond theory could not explain the bonding and energy 
level spacing in some common molecules, i.e., oxygen. Moreover, the 
orbitals in atoms present in the molecules would be more profoundly 
affected by neighbouring atomic nuclei in the same molecule than is 
predicted by valence bond theory. The molecular orbital theory 
assumes that the valence orbitals of all atoms in molecules disappear 
as the molecules form. A new set of molecular orbitals is thus formed. 
These are unique to the molecule and are controlled by all the atomic 
nuclei in the molecule. Each molecular orbital has a characteristic 
energy. A complete determination of molecular orbitals would require 
the solution of the Schródinger equation for the system of two or 
more nuclei. This has not been done due to mathematical difficulties. 
This has been made mathematically tractable by postulating that the 
molecular orbitals are linear combination of atomic orbitals. The 
descriptions of the electrons can still be based on hydrogen atom wave 
functions, and in this way the wave function, not normalized for 
electron 1 of the hydrogen molecule can be written as 


Y)-a0)5) . . ++ (2) 
and the wave function for electron 2 is 
‘Y(2) =a(2) + 5(2) Р) 


The wave function for the pair of electrons іп the molecule is then 
Y=¥(1)'¥(2) 
Y —[a(1) +4(1)] [a(2)+-5(2)] 
Y—[a(1) a(2)+b(1) 6(2)]--[а(1) 6(2)+a(2) 51] >.. (4) 
The first two represent the possibility of both the electrons being on 
the same atom .at the same time. The molecular orbital wave func- 
tions can be used to calculate the energy of the chemical bond. 
Problem 15.1. Discuss the nature of bonding in each of the follow- 
ing. Indicate the number of с and x bonds, the stereochemistry, and 
the type of hybridization expected. 


ч. [o 
| 
(a) НСМ, (5) СО», (c) P (d) H—C—OH 
а 
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Solution. (а) H—C=N 
The carbon atom is joined to the Н atom by a single o-bond and to 
the N atom by triple bond (i.e., опе e-bond and two x-bonds) for а 
total of two o-bonds and two mbonds. The C atom is sp hybridized, 
and the molecule is linear. 
(b) O=C=0 
The carbon atom is joined to each of the O atoms by a double bond 
(i.e., one о and one x-bond) for a total of two c-bonds and two т- 
bonds. The molecule is linear, and the C atom is sp hybridized. 
CI 
\ 
(c) C=O 
д 
CI 
The C atom is joined to each Cl atom by a single atom by a single o- 
bond and to the О atom by a double bond (one о-апі one m-bond) 
for a total of three c-bonds and one x-bond. The molecule is trigonal 


planar and the C atom is sp? hybridized. 
а о 


ll 
(4) H—C—OH. 


The C atom is joined to the H atom and the OH group by single o- 
bonds and to the other О atom by a double bond (one o-and one z- 
bond). The O atom and the H atom in the O—H group are joined by 
a single о-Бопа. There are four o-bonds and one x-bond in the mole- 
cule. The С atom is 5р? hybridized (trigonal planar). The О atom in 
the OH group is sp? hybridized (angular). 

Problem 15.2. The number of unshared valence electron pairs in 
XeF, is 

(а) one, (b) two, (c) three (d) four, (е) none. 
Solution. To form XeF,, one of the 5 р electrons must be promoted 


to an empty d orbital so that two unpaired elecrons are available for 
bonding: А 


Promotion); [> ht alae a 


же] Е өйөө (| |+ I 
5s? 5р? 5р2. 5р? Ba 5p Sp 5p? 5d? 


hybridisation 


——|*+ 


ty 


1 
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Addition of 2F | — а Е ЕЕ 
OE Д | |+ | jt | n d | " 
atoms Penal ш jai Ar c Ч 
dsp? dsp? dsp? dsp* dsp? 

F F 


This leaves three unshared valence electron pairs. 


Problem 15.3. Which of the following molecules contain two pi 
bonds? 
(a) methane, (b) ethane, (c) ethene, (d) ethyne, (e) none of these. 
Solution. (4) H—C=C—H One C — C sp—sp sigma bond 
Two C — C p—p pi bonds 
Two C — H sp—1s bonds. 
Problem 15.4. The CH2e=CCl, molecule contains: 
(a) four sigma bonds and two pi bonds 
(b) five sigma bonds and are pi bond 
(c) six sigma bonds 
(d) one pi bond 
(e) none of these. 
Solution. The structure CH»—CCls can be described as 


H cl 
\ (р-р) / 
И 


(pls) < С=С Ge—3) 


Te aes 
Z (sp?—sp?) N 
H е cl 
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Two С-Н sp*—1s sigma bonds 
Two C—Cl sp?—3p sigma bonds 
One C—C sp?—sp? sigma bond 
One С—С р-р pi bond. 
Hence (b) is correct. 
Problem 15.5. Which of the following exhibits distorted tetrahedral 
molecular geometry? 
(a) BCls, (b) SF4, (c) CCla, (d) BrFs, (е) ICls. 
Solution. In order to account for the bonding dsp? hybridisation is 


used. 


= FE Promotion | i 
S [eal fe [+] fs —À tlla BIN 
[Nel 3s* 3р2 3p} 3p [Ne] 352 3p2 3p} 3p} За! 
hybridisation Te 
rum: adii 67 + Йй | 
[Ne] dsp? ар? азр? dsp* азр" 
Аааібопо В. «(Улу p | 
НХ |; il ty ig T ty 


atoms 


[Ne] dsp? dsp? dsp’ dsp? dsp? 


In SF; there are ten electrons—six from sulphur and one from each 
fluorine—or five pairs (4 bonding’ pairs and one lone pair). The 
distorted tetrahedral molecular geometry results from the lone pair of 
electrons. There is greater repulsion between the lone pair of electrons 
than between the bonding pairs of electrons. 


F 


Problem 15.6. Use VSEPR theory to predict the shapes of the 
following ions. All the bonds in these structures are single bonds. 
(a) AsFz*, (b) TiCls*, (c) IBry , (а) SnClz", (е) CIF 
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Assume "that each halogen atom contributes one electron to the 
valence shell of the central atom for bond formation. 

Solution. The number of valence electons of the central atom (A), 
plus one electron for each substituent halogen atom (X), and an 
adjustment for the charge of the ion (chg.) give the total number of ' 
electrons in the valence shall of the central atom. One-half of this 
number is the total number of electron pairs. Since each halogen is 
bonded by a single bond pair, the number of halogen atoms is also the 
number of bonding electron pairs. The number of non-bonding elec- 
tron pairs is obtained by subtraction. 


Electrons Electron pairs Shape 
A+X-+chg=total total bdg non-bdg 
(a) AsF2t 5+2—1=6 821 angular 
(b) TiCl,+ 3+2—1=4` 21:2: 90 linear 
(c) IBre~ 7+2+1=10 $5 2° 3 linear 
(d) SnCl,~ 4+3+1=8 473 1 trigonal 
; pyramidal 
(е) CIF 7+4+1=12 6 4 [2 square 
planar. 


Problem 15.7. Describe the molecular Ез and NO in terms of the 
valence bond and molecular orbital theories. What advantage does 
one theory offer over the other in each case? 

Solution. The electronic structures of Ез and NO can be written as: 


In the valence bond theory, the F-F bond is formed by overlap of a 
half-filled 2p orbital from one F with a half-filled 2p orbital from the 
other F to form a o-bond. The remaining atomic orbitals are occupied 
by “lone pairs” and are not involved in bonding. 

The valence bond picture of NO represents a o-bond formed by 
overlap of the half-filled 2p orbital from О with a half-filled 2p orbi- 
tal from N. The two remaining valence orbitals on O and one of 
the valence orbitals on N are occupied by lone pairs. The remaining 
valence orbital on N is occupied by an unpaired electron. 

According to the molecular orbital theory, the atomic orbitals lose 
their identity when a molecule is formed and are replaced by mole- 
cular orbitals. The molecular orbital electron arrangements for Fo 


and NO are as under, * 
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—°9*2р 


TEE mui атл 
AL alien 
lb. 
1..3, 

1L. 


M.O. Energy level diagram of 
F2 molecule 


———0*2p 


4: ia 

a NM 
ue 
Ш 


Ше 25 


М O. Energy level diagram of NO 


In Fe the electronic configuration is (1s?) (1s?) (оз,)° (¢25*) (оз)? 
(m2,)* (пар)*. The predicted bond order for Ез is 1. In NO the ‘elec- 


tronic configuration is 


(03) (93,3) (6.2) (оз,*)® (02)? (2p) (T2). 
The bond order predicted for МО is 24. 


The valence bond theory is more easily represented pictorially than 
the molecular orbital theory which is better at predicting bond orders 
and bond strengths. Both the theories predict correctly the paramag- 


netic nature of NO. 


Problem 15.8. Predict the shape and expected hybridization of 
(а) СеНь, (b) BrOs-, (c) SFe, (d) PBrs, (е) HOCI. 
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"Solution. 
| 
Ж 
ГАІ | № р о о 
ккк sp? Pyramidal sp? 
F Br Br Br 
F—s Е Ри 
Е Вг Вг 
Octahederal 02503 Trigonal pyramid dsp? 
б——с! 
H 
Angular 5р3 


Problem 15.9. Show that oxygen is a paramagnetic substance. 
Solution. In oxygen (Оз) we have to take care of 16 electrons, eight 
for each oxygen atom. The molecular ern) in Os = 


ols? o* 1s? 025° с*25° o2p? пу2р=п:2р° ку2р1= Te 2р1 

We see that there are ten bonding electrons and six antibonding 
electrons, thus leaving a net of four bonding electrons or two bonding 
electron-pairs. A bond consisting of two pairs of bonding electrons 
is often called a double bond. Note that there are two unpaired elec- 
trons in the Os electrons, one in the my*2p orbital and one in п,*2р 
orbital. Here the molecular orbital model fits well the experimental 
fact that oxygen is paramagnetic. 

Problem 15.10. Which is likely to have a more stable electron dis- 
tribution О, or Оз+ and № or №? 

Solution. О, has the electron configuration; 

als? o* 1s? 62s? 0%25% o2p? x,2p*—m,2p? т,®2р\==т‚*2р\ 

‚ It has 10 bonding electrons; 6 antibonding electrons. 

To make Os", the least stable electron, п,*2р or п,*2р is removed. 
There are 10 bonding and 5 antibonding electrons, so O;* should be- 
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‘somewhat more stable in terms of electron distribution. N, has the 
electron configuration 
ols? c*15? 0252 o* 2s? пу2р?=тп,2р? 

It has 10 bonding electrons and 4 antibonding electrons. To make 
Ne*, an electron from x,2p or x.2p would have to be removed. There 
would then be 9 bonding and 4 antibonding electrons, thus Net 
should be less stable than Ng. 

Problem 15.11. Determine the shape of a water molecule. 

Solution. The dot formula for H20 is 


Н:О:Н 


There are four pairs of electrons surrounding the oxygen atom, con- 
sequently the four electron pairs will 
occupy the corners of a tetrahedron. 
Here two of the electron pairs are 
bond pairs and two are lone pairs. 
o Since all the four corners of a tetra- 
hedron are equivalent, it is complete- 
ly arbitrary which two corners are 
occupied by H atoms. Water molecule 
has two bond pairs and two lone 
pairs. The repulsion between the lone 
pairs is more than between bond pairs, 
Н this makes water molecule bent ог 
angular. 

Problem 15.12. Calculate the lattice energy of sodium chloride. 
‘The smallest anion-cation distance ro is 2.81 A. The Madelung cons- 
ш for NaCl is 1.747 and n—0.80 (62—23.1—107?? erg cm). 

olution. If only c i Н 
considered and che EE n ce un A terma pen 
energy U, is given by eractions, the lattice 


v, = Ae ( 1-41) 


r, E 
where М is Avogadro's number, 4 


shortest anion, cation distance To, 
‘the charges on the ions, л is Born exponent, e is electronic charge 
= 6.0 x 10° х 1.747 «2.31 x 10720 erg cm (7/8) 
2.81X 10-8 ст 
Uo =8.62 х 1013 erg mole"! x (7/8) 
U, =206.2 k. cal mole" x (7/8) 
Uo —180.4 К. cal mole7}, 


o 


is Madelung constant terms of the 
Z is the largest common factor in 
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Problem 15.13. Assuming the following values for А. calculate the 
per cent ionic character of the bonds in H2, НСІ and CsF. 
Я, 320.25 
НСІ A=0.45 
CsF A=3.17 
Solution. The form of wave function is given by 
фув=фсоу+-Афіоп 
1002? 
1--А? 
100 х0.25 х0.25 
1+ 0.25 х0.25 
Н, per cent =3.846 
100 x 0.45 х0.45 
HCI per cent EOS 0:45 — 
НСІ per cent=16.84 
100 x 3.17 3.17 
~T+3.17X3.17_ 
CsF per cent =90.95. 
Problem 15.14. Give the valence bond representation. for bonding 


in the molecule NF. Which orbitals overlap to form the bonds? 
Solution. р 


Per cent ionic character = 


H, per cent= 


CsF per cent= 


НИИ 
м4! pg 180] i 
l 2р | | 2р | п 2р | 
° 1 i i fe i | 
i PN [e | 
Coe > i 
1 pn iul 
C4 Piet oie 
и р 
th TE | rei ng 1 
ES 2 2 Doom post | 
РОН І 
E UI to i 
а 
Е to i 
PN Rr TEN 
35 boca i 
а.ч 
[ 
5 2p 2b 1728 р 
Pd 


Since the 2s electrons are not involved in bonding, they do not have 
to be included in the representation. The 2p orbitals of nitrogen and 
2p' orbitals of fluorine overlap. 
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Problem 15.15. Write down the MO designation for №. What is 
its bond order and stability compared to №? Would it be paramag- 


netic? 
Solution. The MO picture of № would be 


— с* 2p, 
— п* 2p, —7* 2р, 


— 72p, — n2p, 


:1L. 902p, 
| o* 25 
wal ie с 2s. 


М.О. picture of № 


№ requires 11 valence electrons: 
5 valence electrons for each atom --1 extra electron for charge. 


The extra electron may occupy either x*2p, or к*2р, because they 


are of equal energy. 
Bond order=}(8—3) 
=2.5 
№. Bond order=3 
/. № is less stable than Np. 
Yes it would be paramagnetic as it has one unpaired electron. 


EXERCISES ә 


15.1. Select the description best associated with each chemical species, 
Terms: (A) one a-bond, three lone pairs (B) two o-bonds, two lone pairs 
(C) four c-bonds no lone pairs (D) three o-bonds, two z-bonds (E) delo- 
calized charge, delocalized z-bond System. 
(a) methane 
(b) water 
(c) carbonate ion 
(d) acetylene 
(е) hydrogen floride. [Ans, (a) С, (Б) B, (c) E, (d) D, (е) А] 
15.2. Select the description best associated with each chemical species. 
Descriptions: (A) four c -bonds, no lone pair (B) three o-bonds one lone 
pair (C) five sigma bonds, one z-bond (D) one single bond, one triple bond 
(E) delocalized charge, delocalized 7-bond system, 
(a) ammonia 
(b) ammonium ion 
(c) ethylene 
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(d) hydrogen cyanide 
(e) nitrate ion. [Ans. (a) B, (b) A, (с) C, (d) D, (e) ЕЛ 
15.3. Indicate the angle between: 
(a) sp? hybrid orbitals 
(b) sp? hybrid orbitals 
(c) sp hybrid orbitals 
(d) p orbitals 
(c) sigma bonds in SFe. 
[Ans. (a) 109.5°, (5) 120°, (c) 180°, (4) 90°, (e) 90°.] 
15.4, Indicate the molecular geometries expected for 
(a) carbon dioxide, 
(b) carbon tetrafluoride, 
(c) aluminium bromide, 
(d) nitrogen triiodide.. 
[Ans. (a) linear, (6) tetrahedral, (c) trigonal planar, (d) pyramidal.] 
5.5. Select the term best associated with each definition, description or specific 
| example. 
Terms: (A) covalent radius (B) diffusion (C) elastic collision (D) hydro- 
gen bonds (E) hydrophilic (F) ionic radius (G) mean free path (H) metallic 
bond (I) solvent (J) temperature. 
(a) characterized by conservation of momentum, 
(b) average distance between successive collisions in a collection of moving 
particles, 
.(c) a function of the average kinetic energy of the particles in a System, 
(d) principal forces among neighbouring atoms in a crystal, 
(e) principal forces among neighbouring water molecules in ice, 
(f) the substance acting to dissolve another substance, 
(g) movement of НСІ molecules through the air, 
(I) a molecule or atomic grouping strongly attracted to water molecules, 


(i) distance indicated 


[2 molecule 


(7) distance indicated 


Na I 


Nol mclezule 


[Ans. (a) C, (b) G, (с) J, (d) Н, (е) D, (f) I, (g) В, (h) Е, (i) A, (7) Е] 
15.6. Select the best terms associated with each definition, description of specific 
example. 
Terms: (A) Covalent radius (B) Dipole-dipole forces (C) Hydrogen bonds 
(D) Hydrophobic (E) Inelastic collisions (F) London, dispersion forces 
(G) Metallic radius, (Н) Solute (I) Translation (J) van der Waals radius. 


262 Problems in Physical Chemistry 


(а) movement of atoms in helium gas to new relative positions, 
(6) characterized by a net change in momentum, 
(c) principal forces among neighbouring molecules in liquid hydrogen, 
(d) principal forces among neighbouring molecules in liquid ammonia, 
(e) principal forces among neighbouring molecules in liquid hydrogen 
bromide, 
(f) the substance being dissolved by another, 
(g) molecules or atomic groupings not attracted by water, 
(А) one-half the internuclear distance in the hydrogen molecule, 
(i) one-half the internuclear distance between adjacent atoms in ligui¢ 
neon, ч 
( j) one-half the internuclear distance between adjacent atoms in crystal- 
line potassium. 
[Ans. (a) I, (b) E, (c) Е, (d) С, (e) в, (Л) H, (g) D, (h) A, G) J, (Gj) 6.1 
15.7. Using VSEPR method predict the shape of each of the following 
(а) МН, (b) ВеСЬ, (c) HsSe, (d) PCls, (е) МН, (f) AsFs, (g) 1Е:-. 
[Ans. (a) tetrahedral, (5) linear, (c) angular, (d) pyramidal, (e) angular, 
C f) trigonal bipyramid, (g) linear.] 
15.8. Use VSEPR method to predict the shape of each of the following: 
(a) 5Е;-, (b) XeFs-, (c) СІЕ;-, (d) XeFa, (e) IFs, Cf) ICIs*. 
[Ans. (aj square pyramidal, (5) T-shaped, (c) square planar, (d) square 
planar, (e) T-shaped, ( f) angular.] 
15.9. Which of the following does not apply to the phrase “antibonding orbital”? 
(i) involves an energy higher than that of the atomic orbital. 
(ii) involves an energy not conducive to increased stability. 
(iii) a designation related to the molecular orbital model or bonds. 
(iv) an expression used when an electron is removed from an atom. 
[Ans, (iv).] 
15.10. Each of the following has something to do with the bonding capacity of 
an atom except 
(i) the number of unpaired electrons, 
(ii) the number of half occupied orbitals, 
(ii) the spin on the outer electron, 
(iv) the number of valence electrons. [Ans. (iii).]. 
15.11. Which best explains the stability of all chemical bonds? 
(i) increased attractions between electrons and nuclei, 
(ii) eight electrons in the valence orbits of all atoms, 
(ii) formation of positive and negative ions, 
(v) empty valence orbitals in the bonding atoms. (Ans. (0.1 
15.12. Which is not a condition for a molecule to be a dipole? 
(i) there must be bonds with ionic character, 
(ii) there must be at least one double bond in the molecule, 
(ШЇ) the molecule must possess а favourable shape, 
(iv) there must be at least two different elements in the molecule. 
[Апз. (й).] 
15.13. Which most favours a high lattice energy in ionic compounds? 
(i) small ion, high charge 
(ii) small ion, low charge 
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(iii) large ion, high charge 
(iv) large ion, low charge. [Ans. (i).] 
15.14. The process by which the gaseous hydrogen chloride dissolves in water 
might be described best as > 
(i) proton transfer, (ii) hydrogen bonding, (iii) ionic dissociation, (іу) van 
der Waals force. [Ans. (i) ] 
15.15. Predict in which of the two solvents H:O or CHCls, the following solutes 
would be most soluble. 
(a) CHa, (b) СО», (с) Ca(OH), (d) ҮС», (е) Iz, (7) NazCOs, (g) FeCls,. 
(h) С.Н. ў 
[Апз. (а) CHCls, (b) СНСЬ, (с) Н.О, (d) H:O, (е) СНС, (f) Н.О, 
(2) H20, (А) CHCl;.] 
15.16. Predict whether the solvation energy will be high or low when the follow- 
ing substances are mixed with Н.О: 
(а) SO,(g), (b) Na(g), (c) IKF(s), (d) YCls(s), (e) SiHi(g), (7) CIs(g),. 
(g) Ar(g), (h) NaOH(s), (i) HCl(g). i 
[Ans. (a) high, (5) low, (c) high, (d) high, (e) low, (7) low, (g) low, 
(A) high, (i) high.] 
15.17. Predict whether or not the following bonds are polar and, if so which 
atom is the more positive? (а) NZN, (Б) B—N, (c) S—CI, (d) Р=О.. 
[Ans. (a) non-polar; (Б) yes, B; (c) yes, S; (d) yes, Р.] 
15.18. Predict which of the following molecules would be polar and explain each 
in terms of polar and nonpolar covalent bonds and the geometry of these 
bonds? If the molecule is polar, give the direction of the dipole moment. 
from the positive to the negative side. 
(a) Hydrogen flouride, HF 
(b) Chloroform, СНС 
(с) Acetylene C;H; 
(d) Bromine, Bra. 
[Ап5. (a) Yes, HF bond is polar, centre of positive charge is located to the- 
left of centre of negative charge; (b) Yes. 


| 


ан, 


кш 


H 
| 
{| 


c 


All bonds are polar. The centre of positive charge is above the centre оЁ 

the negative charge.] 
== => 

(c) Н-С=С-Н. The bonds are slightly polar but the centre of the 

positive charge and the centre of the negative charge are both at the: 

centre of the molecule. j 

(d) no, a non-polar bond. 

15.19, Draw the octet structural formulas for each of the following 
(i) CHCl, (ii) C3H4O, (iii) NO:7, (iv) ОР», (у)МН:0. 
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| 
[Ans, (i) H-C=C—Cl, (ii) Н:С—-С=0 


[RUM "DES Gabe. . um 
ү Н pi | M | 
Gin) A N: AN | 
or є | | 2 Ӯ | 

H 

(iv) :E—0—F: | 


15.20. The chlorine-oxygen bond distance in CIO, is 1.44 A. What do you 
conclude about the valence bond structures for this ion? 

[Ans. There must be a considerable double bond character in the bonds.] 

15.21. What is the length of a polymer molecule containing 1001 carbon atoms 

singly bonded if a line of the molecule could be stretched to its maximum 

length consistent with maintenance of the normal tetrahedral angle within 

any C—C—C group? [Ans. 1.26 10° A.J 

15.22. A plant virus was examined by the electron microscope and was found to 

consist of uniform cylindrical particles 150A in diametre and 3000A long, 

The virus has a specific volume of 0.73 c.c./g. If the virus particle is 
considered to be one molecule, what is its molecular weight? 

[Ans. 4.4Х 107.] 


15.23. Draw electron dot formulas for (а) НСІ, (b) СО, (c) NO*, (d) СМ-, 


(e) №. 
[Ans (а) H:Cl: (5:C:::0: (Q:N:::0*: (d):Ci::NC 
ON: N] 
15.24. Give the formula of a polyatomic molecule that will have the same 
Shape as 


(a) ТЕз, (b) PCls, (c) GeH4, (d) Н.О. 
[Ans. (а) ICls, (b) МЕЗ, (c) CHa, (d) H28.] 
15.25. Determine the shapes of (а) ОЕ», (b) BFs, (c) PCI;. { 
[Ans. (a) bent or angular, (5) trigonal planar, (c) trizonal bipyramid.] 
15.26. ке whether the following molecules are ionic, covalent or polar 
covalent. 


(а) H20, (b) KCI, (©) Bale, (d) Ie. 
(Hint; Calculate the electronegativity difference in each сазе.) 

6 [Ans. (а) polar, (b) ionic, (с) polar covalent, (d) covalent.] 

15.27. Which of the following molecules should be more ionic than the others? 

(а) HF, НСІ, HBr; (Б) Весі», MgCl;, BaCle. 
[Hint : (a) calculate the electronegativity difference. This is highest in the 
case of HF (1.9) as compared to НСІ (0.9) or HBr (0.7).] 
(b) Васі, is most ionic because electronegativity difference i.e. (2.10) is 
greater than MgCl, (1.8) and Balle (1.5).] 
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15.28. ВаСі, and TeCle are both covalent molecules. Yet ВеС is linear while 
TeCl is “V” shaped. Explain. 
[Ans. BeClz is Cl : Be : Cl whereas TeClz has two lone pairs, therefore 
TeCl: is “У” shaped just like H:O molecule.] 
15.29. SF, is a perfect cctahedron but XeF, is a distorted octahedron. Explain. 
[Ans, There are six electron pairs, all bond pairs in SF, hence а perfect 
octahedron, whereas in XeF, there are seven electron pairs, one of them 
being a lone pair that must “stick out" somewhere, thus distorting a 
{ perfect octahedron.] 
15.30. Based upon electron configurations and octet rule, explain the following: 
(а) VF; exists but УЕ, does not. 
(b) TiCl, is much more stable than ТЇСЇ». 
(c) Carbon forms two types of carbides, С1- and C227. 
[Ans, (а) V has an “Ar” structure іп VF; where as VF, would involve 
breaking into a stable octet and hence unstable. 
(b) Ti obeys the octet rule in ТЇСЇ; but not in ТЇСЇ». 
(c) Ct and (:С:::С :)* both obey the octet rule.] 
15.31. Give the valence bond representation for bonding in the МО: ion. Which 
orbitals overlap to form the.bonds? 
[Ans. 


1 
1 
1 


= 
~n 


AD. 
= 
кок 


"bh JEU 


Orbitals of NOz ^ 


i 


The 2p! orbitals of oxygen overlap the 2p’ orbitals of the nitrogen. There 
is a double bond between nitrogen and one oxygen.] 

15.32. Of the three types of hybrid orbitals, sp, sp*, and sp? which has the 

maximum s character? [Ans. sp contains 50 per cent s character.] 
15.33. What type of hybridization would account for the following? 

(a) SOs molecule is planar with O—S—O bond angles of 120°. 

(b) H—As—H bond angle іп AsH; is 109°. 

(c) O-N О bond angle in МО; is 120°. 

(d) CI—Sb- CI bond angle іп SbCls is 190°. 

neath [Ans. (a) sp’, (b) sp, (c) sp?, (d) sp? 

15.34. Determine the values of the normalized wave function 5. + Sg AM 


hydrogen molecular ion at the position of one of the protons and at the 


266 


15.35. 


15.36. 


15.37. 


15.38. 


15.39. 
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centre of the molecule. Where does the wave function have a larger value? 
[Ans, On a proton 4=0.359601 at mid point $—0.233041.] 

Which method gives the best result for the bond energy of the hydrogen 

molecule, the valence bond (VB) method or the molecular orbital method? 

Can you explain this result? 

[Ans. The valence bond method gives the best result because it includes 

some correlation and because the MO method Over-represents ionic 


Structures.] 
Predict the molecular shape for the followipg: 


(а) ІСІ, (b) TeCl;, (c) IFs, (d) PCls. 
[Ans. (a) square planar, (5) irregular tetrahedron, 
(c) square pyramid, (d) trigonal bipyramid.] 
The electric dipole moment of the NH; molecule is 1.47D and the dipole 
moment of the NF; molecule is 0.21D. Explain the relative magnitudes of 
these numbers and in particular, why the NF; moment is so small in spite 
of the large difference in electronegativity contants between N and F. 
[Ans. The NH; dipole moment is due to the lone pair of electrons on the 
nitrogen, the NH bond moments have the opposite directions but they are 
small. The NF bond moments are larger than NH bond moments and they 
cancel the lone pair moments more or less.] 
Assuming Yeoy (НСІ) is completely non-polar and all the polarity of НС! 
molecule derives from ionic? calculate the per cent ionic character for 
НСІ wave function using the following data: 
v=1.03 x 10—18 esu=1.03 Debye 
ro—1.27A —1.27X 10-8 cm 
e=4.802 X 10—29 esu 
[Hint; tyc = V coy ionic, - [Ans. 17 рег cent.] 
Predict the bond order in Bz, Ca, Cl; and Ne. : 
[Ans. Ba, (о 152)? (s 15)? (с 15)* (о 254)? (s,)5; bond order is one; 
C: kk (о 25%)? (о 254)? (z2p;,, y. 
The bond order is two. For Cl; the bond order is one.] 
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. PHYSICAL PROPERTIES AND 
CHEMICAL CONSTITUTION 


INRTODUCTION 


Molecular spectroscopy may be defined as the study of interaction of 
electromagnetic waves and matter. A molecule in space can have 
different forms of energy, e.g., rotational energy by virtue of bodily 
rotation about its centre of gravity, vibrational energy due to the 
periodic displacement of its atoms from their equilibrium positions; 
electronic energy resulting from continuous motion of electrons asso- 
ciated with each atom or bond. The energy of a molecule is the sum 
(total) of these energies. The spacing of the translational energy levels. 
is extremely small and the neutral molecules cannot interact with 
radiation and thereby change from one translational level to another. 
The spectroscopic studies can be classified as rotational, vibrational 
or electronic spectroscopy. If a sample is placed in an electric or 
magnetic field, it is possible to study transitions between energy levels. 
resulting from the interaction of the molecules or the atoms of the 
molecules, with the applied field. Each kind of energy level ina 
molecule is characterized by a quantum number, designated by the 
symbols as follows: п is used to denote electronic level, as to denote: 
vibrational level and J to denote rotationallevels. Electronic transi- 
tions between levels with any values of n are possible, but it turns out 
that rotational and vibrational transitions can occur only between 
energy states which have rotational or vibrational quantum numbers 
differing by 1, i.e., 
Ду= +1. АЈ= +1 ? 

Such limitations on quantum number changes are called selection 
rules. 

Pure rotational spectra are observed in the far infra-red and micro- 
wave region of the electromagnetic spectrum, provided that the mole- 
cule has a permanent dipole. Analysis of the rotational Spectra helps. 
us to determine the bond lengths of heteronuclear diatomic molecules. 
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- For a diatomic molecule АВ, the energies of the rotational levels are 
given by 
Eje = JOD att 
823 
where J is the rotational quantum number and J is the moment of 
inertia. The frequency of the absorbed light, when a molecule is raised 
in rotational energy is given by 


h 
— IU +++ (2) 


On the other hand, all the vibrations of a molecule can be described 
as one or a combination of certain number of fundamental modes of 
vibration. A linear molecule has 3n-5 fundamental modes of vibra- 
tion and a non-linear molecule has 37-6 such modes. However, of 
several possible fundamental vibrations of a given molecule only those 
vibrations accompanied by achange in dipole moment will be infra- 
ted active. The numbers of fundamental molecular vibrations which 
are infra-red active and/or Raman active can be predicted for any 
molecular geometry. The proposed molecular geometry is confirmed 
by the agreement of its observed spectrum with the predicted spec- 


trum. The results of such predictions for several types of molecules 
are given in Table 16.1. 


y 


TABLE 16.1: Theoretical infra-red and Raman activities of 
representative types of molecules AB; 


Formula Total number Infra-red Raman Inactive 
Geometry type of vibrations active active 
Linear BAB 4 узуз* D 
Linear ABB 4 Уу Va уз* у; Уз Уз 
Angular АВ» 3 У: V2 Уз Y1 V2 V3 
Planar . AB; 6 Уг v3” y,* Yi уц 
Pyramidal ABs 6 V1 Ve Va" Va*. y, va vo y, 
Square planar AB, 9 Utd n poe yak 
Tetrahedral АВ: 9 +. MT 

st vat Vi va* Vat vat 

Octahedral AB, 15 vat vaut vi va" vat 


*denotes doubly degenerate vibrations, 
Таепоќеѕ triply degenerate vibrations, 


NMR Spectra 


In the analysis of high resolution N 


MR spectrum the following 
points must be kept in mind. 
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°1. Protons on atoms adjacent to highly electronegative atoms are 
highly deshielded, and their chemical shifts are downfield. The chemi- 
cal shifts of protons directly bonded to highly electro-negative atoms. 
are even more deshielded and are further downfield. 

2. Protons on the same atom, and some other special groups such 
as the protons of the benzene molecule, are equivalent molecules of a 
set. The signal of a given proton in a set is not split by Spin-spin in- 
teractions with other members of the set. 

3. The number of lines into which the signal of a given set of 
protons is split by a set of protons on the adjacent atoms is n+1, 
where л is the number of protons on the adjacent atom. The second · 
fact can be used to determine which sets of protons are on adjacent 
atoms. 

4. The magnitudes. of the spin-spin splittings for protons on 
adjacent carbon atoms range from 2 to 10 ppm, i.e., the symmetrical 
patterns of lines will be as much as 10 ppm wide. Protons on the other 
adjacent atoms exert a much weaker effect. 


Beer-Lambert Law 
It may be stated as 
IJ =e, ЖЕЛДЕЙ, 


where b is the path length, c is the concentration. The absorbance A 
is defined as, i 


А = sbe (Ау 
where є is the molar extinction coefficient. Another form of A is, 
4=2—logT ece (2) 


where T is the transmittance. 


Molar Refraction 


The refractive index п depends upon the wavelength of the light 
and upon the fields in the light path. Experimentally п increases with 
decreasing wavelength of light and with increasing pressure and 
decreasing temperature. The refractive index is a property of the 
material and is extremely useful in chemical analysis and process con- 
trol. Another useful quantity is called molar refraction and is defined 
as 
212—1 М 
и T 2+6) 
where Ru=molar refraction, М = molecular weight 
molar refraction depends upon the number and the 
and bonds present. Experimental values of К can be u: 


M 


› e—density. The 
kinds of atoms 
sed to distinguish 
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between structural isomers (see Table 16.2.) 


TABLE 16.2. Moler refraction contributions 
(for sodium D-light.) 


Carbon 2.418 Oxygen (in CO group O =) 2.211 
Hydrogen 1 100 Oxygen (т OH group O—) 1.525 
Chlorine 5.967 Oxygen (in ethers, O—) 1.643 
Bromine 8.865 Three membered ring 0.71 

Jodine 13.900 Four membered ring 0.48 

Double bond 1.733 

Triple bond 2 398 


Molar polarisation 

The dipole moment of a molecule, AB is defined as the distance 
between the centres of positive and negative charges modified by the 
size of one of them, i.e., 

n—dqr (0) 
where q is the charge and r is the distance in centimetre. Generally 
the charge is measured in esu. Dipole moment is measured in Debye 
where one Debye is given by 
1 Debye=1 x 10738 esu-cm. 

The values of dipole moments for most inorganic componds range 
‘from 0 to about 12. To obtain the molecular dipole moment from the 
observed dielectric constant a quantity called molar polarisation, P is 
used. This is defined as 

D—1 М 
“DF р n (8) 
where P is molar polarisation, M is molecular weight, p is density and 
D is dielectric constant. Also, 


P=A/3nNe+4/3nN( 35.) m 


where « is the polarizability and the term 4 zNa may be approxi- 


P 


mated by M,, and и is the dipole moment. 
Parachor 

It is both an additive and constitutive property and hence the 
parachor values can decide the correct structure out of the different 
structures known for the given substance. It is defined as: 


M 
(С) моны we 00 
The constant [Р] is called the parachor. D is the density of the liquid 


Physical Properties and Chemical Constitution 271 
and d is the density of the vapour. Since D> >>d, d can be neglect- 


ed Hence equation (10) can be written as 


(амр e 


where y is the surface tension of the liquid. M/D is called the molar 
volume. The parachor values of some atoms and structural fragments 
are given in Table 16.2. 


TABLE 16.2. Parachor values 


Carbon 4.8 double bond 23.2 
Hydrogen 17.1 triple bond 46.6 
Oxygen 20.0 3ring 16.7 
Nitrogen 12.5 4 ring 11.6 
Chlorine 53.8 5 ring 8.5 
Bromine 68.0 6 ring 6.1 

single bond 0.0. 


Optical Rotation 

It refers to the ability of certain compounds to rotate the plane of 
polarized light. Such compounds are said to be optically active and 
contain at least one asymmetry centre and no plane of symmetry. 
The specific rotation [«]', is given by the relation, 


where, 0 is the observed rotation in degrees 
1 is the pathlength in decimetres 
c is the concentration of the solution (g/100 ml) 
t is the temperature of the solution 
А is the wavelength of the polarized light generally it is taken 
as D-line of sodium, 5893 À 
Optical rotation is measured in an instrument called polarimeter. 
Problem 16.1. Convert 2000 A to (i) cm, (ii) cm", (iii) eV, (iv) erg, 
(у) cal, and (vi) Hz. 
Solution. 
(i) 2000A=2.00 x 103 A 
1 А=10-8 cm 
2000 A=2.00 x 103Х 10-8 cm=2.00 x 1075 ст. 
wur D duc 
(ii) x00 * 10 =5.00 x 10* cm™}. 
(iii) 5.00 x 104 cmt 
1 eV=8068.3 cm™ 
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5.00 x 104 


"8068.3 =6.200 eV 
(») E -hc _ 6.626 X 107?? erg-sec. х 3.00 х 1010 cm sec"! 
A 2.00 х 1075 cm 


=9.940 x 10-12 erg/molecule. 
(>) 1 eV=23.06 cal. mole} 
6.200 x 23.06 cal. mole! 
=1.430 x 105 cal. mole !. 
(vi) Ax vc 
2.00 x 1075 cm x v=3.00 х 1010 cm/sec 
3.00 x 101? cm/sec. 
У 2.00х 1075 cm 
=1.5х 1015 Hz. 

Problem 16.2. Hydrogen bromide gives a series of lines in the far 
infra-red having a separation of 16.94 cm™!. Calculate the moment 
of inertia of the molecule and the internuclear distance. (H— 1.008, 
Br—79.92). 

Solution. For the transition from J=1 to J=0, 

-2 y 
Ser 
‚__2х 6.624 x 10734 
16.94 x 3.00 x 10' = $8.42» 1 — 
D 2 x 6.624 x 10734 E 
783.142) x 1694 3,00 x 10s К т" 
1—3.302x 1071? kg m? 
I—yr? 
where p is the reduced mass and ғ is the internuclear distance 


mum 
=( 172 r2 
m + mgo 


3.303 x 10 =( mma, 
тт, 


1.008 x 79.92 х 10-3 r2 
(1.008+79.92) — < 60210: 
г= д | 3:302 х 1077 х 6.02 x 1022 х 80.93 
1.008 х 79.92 x 10-3 
r=1.413 x 10710 m 


Problem 16.3. The infra-red spectrum of HCI shows a maximum at 
2886 cm"! and the corresponding band іп DCI occurs at 2091 cm^ 
An absorption at 3312 cm"! in HCN is found to shift to 2629 cm™ 
on deuteration. Assume that these bands arise from the Y—H and 
X—D modes of vibration respectively (X=Cl or CN), calculate the 


У 


3.303 x 1047 = 


т 
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expected shift, and comment on any difference between theory and. 
experiment. 
Solution. The stretching frequency of a diatomic molecule is given 


by 
е E 
v= 2nc E. 


where c is the velocity of light, К is the force constant and и is the: 
reduced mass | 


x(HCD/$(DCD— \/ кре). 


g Й M». 

Y(HCD/»(DCI)z \/ a 

»(HCD/» (DC) =1.41. 
The calculated ratio v (HCD/v (DCI) is 1.41 whereas the experimental. 
value is see = 1.38. The expected shift is 844 cm", 

Also in the case of HCN and DCN we can again approximate the 
ratio 1.26 yielding and expected shift of 969 сті, The significant. 
difference between the expected and observed value reflects the coupl- 
ing between the C—H (and C—D) and the C—N vibrations. 

Problem 16.4. A nuclear magnetic spectrum of a compound having 
the molecular formula C,H,OS has the following chemical shifts of 
proton resonance relative to water taken as zero. 


Chemical shift (ppm) Relative intensity Structure 
+1.6 3 Singlet 
+2.6 2 narrow doublet 
+3.3 1 narrow triplet 


What is the structure of the compound? 
Solution. Some possible structure may be represented as follows: 
I. HOCH:CH,SH 
П. CH30CH.SH 
III. CHsSCH,OH 
Structure I can be straightaway rejected, as there are no groups of 
protons having three times as many protons as any other group. The 
observed spectrum is too simple for this molecule and at least four 
peaks would be expected. Structures II and III as they contain the 
СНз group, which should appear as a singlet with the observed 
intensity. However, the resonance of the singlet appears farthest 
downfield, which makes it more likely that the CHs group is adjacent 
to a strongly deshielding atom such as oxygen. This favours the 
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structure If. A further support to structure II comes from the fact 
the peak corresponding to the single proton occurs farthest upfield, 
Suggesting that it is attached to S. The middle resonance peak corres- 
ponds to the CH» protons. The Spin-spin patterns are in agreement 
with those expected for structure II. 

Problem 16.5. Predict the number of vibrations and the number of 
infra-red absorption bands in the following molecules: 

(a) He, (b) СО», (с) SO». 

Solution. (а) Since Hs is a linear diatomic molecule, there would 
be 3n—5=1 vibrations in the molecdle, corresponding to the H—H 
stretch. However, for this vibration there is no change in dipole 
moment and no infra-red absorption is expected. 

(b) СО» is a linear triatomic molecule, there should be 3n—5 
=9—5=4 fundamental vibrational modes 


© © ө 
SHOT -=С--5-0-> am Load о----с-----0 
Symmetrical stretch Asymmetry suetch iun Déning modi 
modes. 


(+) In: (=) out) 


‘Cnly two bands are actually observed for CO,. 
stretch does not result in a change in the dipole mo 
fore there is no infra-red band due to this mode. 
-asymmetrical stretch is observed. The seco. 
the two bending modes. 


(c) SO, is non-linear, hence there should be 3n—6=3 modes 


The symmetrical 
ment and there- 
A band due to the 
nd band corresponds to 


Д 

a SE T 
(OT № 
Symmetrical stretch Asymmetry st wch Deformation 


“Since all these modes produce a change in dipole moment and thus 
-all are infra-red active. 
Problem 16.6, In the infra-red spectrum 

> ? of BF; there are three 
ae Ron bands appearing at 480, 691 and 1446 cm"! which corres- 
pond to fundamental vibrations Raman shi Є 
: . n shift 1 

-аге observed for this compou пета 


па. Using the 
„geometry of the ВЕ, a al g Table 16.1, deduce the 


" Solution, A planar AB, molecule Would have three active and two 

Raman active fundamentals, One of which is not Observed in the 
-infra-red spectrum. The actual data agree exactly with this prediction 
-for a planar molecule, 
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Problem 16.7. Calculate the molar refraction of acetic acid 
(СНзСООН). The density of acetic acid at 23°C is 1.046 g C.c. 1. The 
index of refraction, п, for sodium light is 1.3715 and the molecular 
weight of acetic acid is 60.05 g mole. Compare this value with the 
calculated value. 


Solution. The observed value of the molar refract 
according to the relation, 
R (= HE 
"EON METRE d 
Ra— [.3715)?—1] 60.05 
"= [0.3715):4-2] 1.046 
Rn=13.03 c.c. mole“, 
Calculated value: 
2C=2 х 2.418 =4.836 
4H=4 x 1.100—4.400 
107 =1%X1.525=1.525 
107 =1х2.211=2.211 


Calculated Rm —12.975 c.c. mole”: 
Problem 16.8. A water solution of a coloured compound has a 
molar absorptivity (є) of 3200 at 525 nm. Calculate the absorbance 


and per cent transmission of 3.40 x 10-4F solution of 1 cm cell is 
used. 


Solution. Absorbance, A = е bc 
— 3200 litres/mole—cm x 1.00 cm 
X3.4x 10-4 mole/litre 


ion is given 


А = 1.09. 
А = 2—log T 
1.09 — 2—log T 


T = 8.1 per cent. 


в sample of steel is dissolved in nitric acid. 
ple is oxidised with KIOs to KMnO, and diluted 
to 100 ml. The absorbance reading for this solution in a 1 ст cell at 
the prescribed wavelength is 0.700. A 1.52 x 1074F solution of KMnO, 
served as a standard and under the same conditions absorbance was 
0.350. Calculate the per cent of Mn in the steel? 


Problem 16.9. A 1.00 
The Mn in the sam 


Soluti 0.700 C, (moles litre-1) 
о 0350 1,52 10 * moles Titre 
= 3.04 x 10M —[KMnO,]-[Mn] 
Ci Xat. wt. of Mn x dilution factor 
Рег cent Mn = ^^^ en facto 


Sample weight ae 
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Per cent Mn 
3.04 x 1074 moles litre 1 x 54.94 g mole"! x 100 litre x 100 x 100 
ES - 1.00 gx 1000 i 
= 0.17. 

Problem 16.10. Ten millilitres of a water sample containing a trace 
amount of iron is transferred to a separatory funnel. A series of 
standards are prepared simultaneously. Hydroxylamine hydrochloride 
is added to reduce the ferric ion to the ferrous state, the solutions 
are buffered, and bathophenthroline is added to each solution. To the 
solutions 6.00 ml of isoamyl alcohol (immiscible with water) is added 
to extract the complex Fe (bathophen)3*. Subsequently, the absor- 
bance of each extract is determined at 533 nm using a 1 cm cell. From 
the data below calculate the concentration of iron in ppm in the 
original sample. 


Iron conc. Volume of Iron conc. 
in water solution taken in isoamyl Absorbance 
(ug/ml) (ml) alcohol 
(ug/ml) * 
0.100 10.00 0.167 0.08 
0.100 20.00 0.333 0.16 
1.000 5.00 0.833 0.41 
1.000 10.00 1.667 0.83 
1.000 20.00 3.333 1.61 
Unknown 10.00 0.53 


Solution. From the data above the Beer's law is linear for the 
System in the range of the unknown 


sample = Csample 
Авіапдага  Cstandara 
0.54 
Caampie = ( 0.41 )холззз g/ml 
= 1.10 pg/ml. 


The total weight of the iron in solution is, 
the concentration of iron in the 
1.10 ppm. 
Problem 16.11. Given the following molar refractions: 
CH,CH2CH.CH, = 20.6 
CH,CH:OH = 12.9 
CH30H = 8.3 


Calculate the value of molar refraction for CH3CH2CH,CH20H. 


therefore, 11.0ug and 
water sample is 11.0 4g/10.00 ml or 
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Solution. Since molar refraction is an additive property 
Rx (СН,) = Rx (СН.СНзОН)—ЕВм (CHOH) 
Вы (CH2) = 12.9—8.3 
Rx (CH2) = 4.6. 


Hence E 
Ru(CH3CH2CH2CH,OH) = Ra(CHsCH,OH)+2R«=(CHe) 
= 12.9+2х4.6 
= 22.1. 


Hence the molar refraction value for CHsCH2:CH,CH,OH will be 
22.1. 

Problem 16.12. Calculate the molar refraction of acetone at 20°С. 
The refractive index 7 of acetone is 1.3591 and the density is 0.7910 
в/с.с. at 20°C. The molecular weight of acetone is 58.08. 

Solution. The molar refraction 
п—1 M  (13591y—1 58.08 


Ru= Epi? o. (135911 * 0.7910 
Ru=16.17 c.c. 
Ru=16.17 c.c. 


Problem 16.13. The density of acetone is 0.7910 g cm~? at 20°C, 
utilize the additivity of the parachor to calculate the surface tension 
of acetone. 

Solution. The structure of acetone is 


асо 
НзС 
The parachor of acetone=(3 х 7.2)--(6 X 16.2)--20.0--23.2=162.0. 
The molecular weight of acetone is 58.08. 
58.08 
0.7910" Y 
Y =23.7 dynes cm. 
Problem 16.14. А solution of L-leucine (3.0 2/50 ml of 6N HCl) 
had an observed rotation of +1.81° in a 20 cm polarimeter. Calculate 


(a) the specific rotation, and (4) the molar rotation of L-leucine (in 
6N НС). 


i =162.0 


А LO 
Solution. (a) [«] «EU 
$ 1.81 
[в], = 550.06 


[a], = +15.1° 
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(b) [M]-[«l'a x MW 
M=(+15.1°) (131.2) 


M= +1980°. 
EXERCISES 
16.1. Convert the following to units of wavelength (2) in nm. 
i (0) 6,0004, (Б) 30,000 Hz. [Ans. (а) 600 nm. (Б) 1.0x 10? nm.F 
16.2. Convert the following per cent T values of A. 
(a) 32 per cent, (Б) 5.4 per cent. [Ans. (a) 0.50, (b) 1.30.]. 


16.3. Calculate the absorbance of the solution of concentration 1.03 х10-° M. 
The molar absorptivity (s) of the solution is 720 and pathlength is 1.0 cm. 
[Ans, 0.74.1 
16.4. What is the energy (kJ mole-! and К cal. mole-1) associated with ultra- 
violet radiation of the wavelength. 
Ci) 184.7 nm, (ii) 253.7 nm, (iii) 356.0 nm? 
[Ans. (i) 648 kJ mole-! or 155 k cal. mole? 
(ii) 472 kJ mole“ or 113 К cal. mole-! 
(iii) 327 kJ mole- or 78.2 К cal. mole-!.] 
16.5. Furan has a long wavelength absorption band with Amax^7250 nm. When 


light of this wavelength is passed through a 10 cm cell containing a 107? M 
solution of furan, 20.6 per cent incident light is absorbed. 
(i) What is the optical density (log Io/I) of the solution? 
(ii) What percentage of incident light is absorbed? 
(iii) What is the molar extinction coefficient of furan at 250 nm? 
(iv) Is the absorption likely to arise from a > x* transition? 
[Ans. (7) 0.10, (ii) 63.1 per cent, (iii) 11 mole^! cm-!, (iy) No є is 
too low.] 
16.6. A nitrogen laser produces pulses with a peak power of 200 kW. Assuming 


that the pulses are rectangular in shape and have a duration of 10 ns, 
how many photons €.—337 nm) are emitted in each pulse? 


[Ans, 3.4 x 10'*.] 
16.7. The long-wavelength absorption band of benzophenone is relatively weak 
(= ~1001 mole 


шах =i cm~?) and the band is shifted to shorter wave- 
length when the solvent is changed from cyclohexane to ethanol. For 4, 
4'-bis (dimethylamino) benzophenone the long wavelength band is much 
Stronger (= шак -~100001 mole-1 cm~?) and there is a solvent effect in 


the opposite direction. Give an explanation of these observations. 
[Ans. For benzophenone the long-wavelength band arises from an поп 
transition; for bis(dimethylamino)benzophenone the long wavelength 


7 Заа о ; band is n n*.] 
16.8. Riboflavine in dilute sodium acetate Solution shows a maximum in the 


absorption spectrum at 444 mm. Calculate the energy of the correspond- 
ing electronic transition for one molecule and for one mole of riboflovine. 
[Ans. $=2.25 10° m= or 22500 сш-1; 
¥=6.75 x 104 Hz or 675 Tz; 
®=4.47x 10-9 J; e=270 kJ т.} 
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16.9. Calculate the moment of inertia of NO molecule, the internuclear distance 
of NO is 1.151 A. [Ans, I=1.643 x 10-3 в cm?.] 
16.10, Calculate the reduced masses of molecules in each set. Explain why those 
of the first set are so close to each other in magnitude (a) НСІ, HBr, Hl; 
(b) BrCl, ICI, IBr. [Ans. (a) 0.973 amu, 0.988 amu, 0.992 amu; 
(b) 24.6 amu, 27.7 amu, 49.0 amu.] 
16.11. A compound has a molar absorptivity of 13,200 litres/mole cm at its wave- 
length of absorption. The absorbance for a solution of this compound in 
water is 0.41 using 1.0 cm cell. Calculate the concentration of the solution. 
[Ans. 3.1x10-* М.Ј 
16.12. A solution containing 3.0 ppm has a transmittance of 65 per centin © 1 
cm cell, 
(a) Calculate the absorbance of the solution. 
(6) What is the molar absorptivity of the solute if its molecular weight is. 
155. 
(c) Calculate the transmittance and absorbance for a solution containing. 
5.2 ppm of the solute. 
[Ans. (a) 0.19, (b) 9800 litrestmole-! cm, (c) 47 per cent 0.33 ] 
16.13. A solution containing a mixture of tetracycline and epitetracycline is. 
found to have absorbances of 0.67 and 0.72 at 254 and 267 nm respectively.. 
The molar absorptivities of tetracycline are 16,000 and 19,000 at 254 and. 
267 nm respectively, and the molar absorptivity values for epitetracycline 
are 16,000 and 15,000 at 254 and 267 nm respectively. Calculate the ratio: 
of tetracycline to epitetracycline in the solution. ` [Ans 1.2.] 
16.14. A 10.0 mg/litre solution of procaine hydrochloride has an absorbance of 
0.65 at 290 nm. (a) What is the concentration of the solution which has. 
an absorbance of 0.93? (5) Calculate the molar absorptivity of procaine: 
hydrochloride at 290 nm if its molecular weight is 272.8. 
[Ans. (а) 14.3 mg/litre, (Б) 1.77 x 104 litres mole- ст-1.], 
16.15. А 10.0 ml sample of а KMnO; solution is titrated with 0.010F oxalic. 
acid. The end point is detected photometrically. 
2Mn0.;---5C:0,?- - 16H*2Mn**++5CO:+8H,0 
by monitoring the disappearance of the permanganate at 520 nm. Calcu- 


late the concentration KMnO. from the following data. 


ml НСО A ml H2C204 A 
0.00 1.43 2.75 0.35 
0.50 1.21 3.00 0.27 
0.75 1.11 3.25 0.18 
1.00 1.03 3.50 0.09 
1.50 0.82 3.75 0.04 
1:75 0.71 4.00 0.02 
2.00 0.60 4.25 0.01 
2.25 0.51 4.50 0.00 
2.50 0.43 4.75 0.00 


[Ans, 8.78 x 10-* Е. 
16.16. A sample (1.2456 g) containing sodium is dissolved, diluted to 100 ml, and 
analysed using the 590 nm Na line. From the data given below, determine: 

the per cent sodium in the original sample. 
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Concentration of Na Emission 
(mg/litre) Reading 
0.5 24 
1.0 49 
2.0 103 
2.5 120 
4.0 190 
Unknown 121 


[Ans. 0.020 per cent.] 

‚`6 17. A iron sample (0.9421 g) containing a trace amount of copper is determin- 
ed by atomic absorption by standard addition. The iron is dissolved in 

acid and diluted to exactly 100.0 ml using a volumetric flask. To 25 ml of 

this sample solution, 25 ml of 4.50 ppm copper solution is added. From 


the following data, calculate the concentration (in ppm) of the copper in 
the original sample. 


Absorbance of sample =0.22 
Absorbance of sample =0.31 
with standard added [Ans. 263 ppm.] 


16.18 If the dog has 2 quarts of blood and the fluorescence reading of 1 ml of 
Serum is 25.7 per cent T, what is the total amount of teracycline in the 
blood? » [Ans. 89 mg.] 

16.19. A solution of thiamine hydrochloride gave a fluorescence reading of 52.3 
per cent T. Five millilitres of a standard (0.2 mg/litre thiamine НСІ) were 
added to 5.00 ml of sample. What is the concentration of thiamine in the 

unknown if the fluorescence intensity of the latter solution is 67 per cent 

T? [Ans. 0.13 mg/litre.] 


: lcm 
316.20. The extinction coefficient (61, )of а glycogen-iodine complex at 450 тш 
‚ /о 


is 0.20. Calculate the concentration of glycogen in solution of the iodine 
complex which has an optical density of 0.38 in a 3 cm cuvette, 
[Ans. 0.634 per cent.] 


olutions with optical 


nd 0.15 at 340 my, (Б) 
mp, and (с) 0.531 at 260 mu and 0.22 at 340 


16.21. Calculate the concentration of ATP and TPNH in s 


densities (in а 1cm cuvette) of (a) 0.9 at 260 mua 
0.75 at 260 ти and 0 at 340 
mu. 


[Ans, (a) [ATP]—3.5x 10M, [ТРМН]=2.41 x 10M; 
(0) [ATP]—4.87x 10-5M, [TPNH]=0; 
(c) [ATP]=0; [ТРМН]=3.54х 10-М.] 
46.22. Ten grams of butter were Saponified; the non-saponifiable fraction was 
extracted into 25 ml of chloroform. The optical density of the chloro- 
form solution in a 1 cm cuvette was 0.53 at 328 ти at 458 my. Calculate 
the carotene and vitamin A content of the butter. The extinction соећ- 


cients for carotene and vitamin A atthe above two wavelengths are as 
follows: 
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EV? in CHCl 


Compound ж аы 

328mp 458 ши 
Carotene 340 2200 
Vitamin A 1550 —0 


[Ans. 2.18 х 1074g/100 ml. Carotene=2.18 х 10-¢g/100 ml; 


5.45u в carotene/g butter C.. , =2.94x 10~4g/100 ml; 
vitA 


2 7.35 в vitamin A/g butter.] 
16,23. A suspension of bacteria containing 300 mg dry weight per litre has an 
optical density of 1.00 in a 1 cm cuvette at 450 mu. What is the cell den- 
sity in a „suspension that has a transmission of 30 per cent in a 3 cm 
cuvette? [Ans. 52.2 mg/litre.] 
16.24. To 2.0 ml of a glucose solution, 1.0 ml of solution containing excess of 
ATP, TPN*, MgCle, hexokinase, and glucose-6-phosphate dehydrogenase 
was added. The optical density of the final solution increased to 0.91 at 
340 my. Calculate the concentration of glucose in the original solution. 
The pathlength of the cell is 100 cm. 1 
(Hint: The reactions that take place in solution are: 
hexokinase 
Glucose-- ATP— — ———- glucose-6-phosphate 
Ме * 
glucose-6-phosphate dehydrogenase 
Glucose-6-phosphate+TPN* ———————— ——-———=— > 
6-phosphogluconic acid-8-lactone-+TPNH+H* 
From O.D at 340 mu, we can calculate the concentration of TPNH 
present. After applying the correction for dilution, the concentration of 
glucose in the original solution can be calculated.) à 
[Ans. Сосове =2.2х10-*М.] 
16.25. Calculate the change in optical density that would be observed when 2.0 
ml of a solution containing lactic dehydrogenase and 10 *M pyruvic acid 
are added to 1 cm cuvette containing 3.0 ml of а2х10—М DPNH 
[Ans. O-Dorivinal =1.244 


O.Dgnay =0.497.1 


16.26. Calculate the index of refraction of chlorine gas at STP. The molar refrac- 
tion for chlorine is 11.2 c.c./mole. [Ans. 1.00075.] 
16.27. The molar refraction Mr is 1.643 for oxygen in an ether group, and is 
6.818 for methane and 13.279 for dimethyl ether. Calculate the value of 
molar refraction for diethyl ether. `[Апз. 22.915.] 
16.28. The refractive index of propylene glycol at 27°C is 1.4293. Its density is 
1.03 and its molecular weight is 76.1. What is its molar refraction? 
[Ans. 19.06 cm?/mole.] 
16.29. The molecular weight of chloroform is 119 and its density is 1.49 at 20°C. 
If its dielectric constant is 4.8 at 20°C. What is the molar polarisation of 
chloroform? [Ans. 44 63 cm?/mole.] 
16.30. The index of refraction of water at 23°C is given by the equation 


5 
пал 


solution. 
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where до is the wavelength of light in vacuum in А. Еіпа (Һе wavelength 
of the light in water when А, is 400 А. [Ans. 2978 A.] 
16.31. Calculate the energies of three lowest vibrational states for HF for which 
the force constant is 9.7x 10 dynes/cm. What is the energy spacing 
between these levels, and what would be the wave number of the radiation 
that would cause the transition from v—0 to the v—1 level? 
[Ans. A ¢=8.27 x 107? ergs, 4—4160 cm^1.] 
16.32. The spacing between lines in the rotational spectrum of НСІ is 20.68cm-!, 
Calculated the bond length. (Ans, 1.29 x 10-8 cm.] 
16.33 How many normal modes of vibration are possible for (а) HBr, (b) С.Н 
(c) 50, (bent), (d) OCS (linear). [Ап5. (а) 1, (b) 30, (c) 3, (d) 4.] 
16.34. The fundamental vibration of HBr occurs at 2650 cm-!, Calculate the 
force constant of the vibration, (Ans. 4.1x 10° dynes/cm.] 
16.35. For a static magnetic field of 14,000 gauss, what frequency of the oscillat- 
ing perpendicular magnetic field will cause resonance absorption, for the 
following nuclei: 
(а) *H, (b) N, (c) *C, (d) "Е, (е) "P, ( f) YO, (g) "O, (h) ЇН. - 
[Ans. (a) 9.21, (b) 4.34, (c) 15.10, (4) 56.48, (e) 24.31, (Г) 8.14, (g) no 
resonance, (л) 60.04 megacycles sec^!.] 


16.36. The molar polarization of МН; (g) obeys the equation Р= 4+ 5. where 


A and B have the values 5.6 and 12.000 in c c./mole respectively. Calculate 
the dielectric constant of NH; (g) at STP. [Ans. 1.00663.] 

16.37. The frequency of separation of successive lines in the rotational spectrum 
of hydrogen chloride has been found to be 20.83 ст-1. Determine the 
distance between the nuclei of these two atoms in the molecule, 


х 2h h 
Hint, Ду= <= ^ 
( á SzCI 4=С1 
16.38. The surface tension of benzene is 22.2 dynes/cm. Calculate its parachor 
уаз. The density of benzene is 0.88 g/cm’. [Ans, 192.4.] 


19.39. An equilibrium mixture of a-and 8-D-glucose has an tal of +52.7°. 


25 ? 
Pure «-D-glucose has an Гә] of + 112°. Pure 8-D-glucose has an aly 


of 18.7°. Calculate the proportions of «-and 8-D-glucose in the equili- 
brium mixture. [Ans, «=36.5 per cent and B=63.5 per cent.] 
16.40. A solution of D-histidine (4 g/100 ml of N HCI) had an observed rotation 
0f—0.41? ina 20 cm polarimeter tube. Calculate (a) the specific rotation, 
and (5) the molar rotation of D-histidine in 1M НСІ. 
[Ans. (а)—5.12°. (b) —794.6°.] 


16.41. An equilibrium mixture of a-and 8-D-mannose has an D of4-14.5*, 


Pure «-D-mannose has an [aly 01+29.3°, Pure 8-D-mannose has an 


(al, of—16.3°. Calculate the Proportions a-and 8-D-mannose in equili- 


brium mixture. [Ans, а=67.5 per cént, В=32.5 per cent.] 
16.42, The density of allyl chloride (CH;—CH—CH;CI) is 0.938 g c.c.^! at 20°C 


Calculate the index of refraction and compare your answer with the 
observed value 1.4154, 


Physical Properties and Chemical Constitution 283 


16.43. The refractive index of naphthalene decahydride (CioHis) is 1.4804 at 
18°C. Calculate the density and compare with the observed value of 
0.895 р с.с.71. 
16.44. The density of ethyl alcohol at 20°C is 0.789 в с.с.-? while that of methyl 
- alcohol is 0.729 g c.c. ?. Assuming that these substances form an ideal 
solution, calculate the refractive index of a solution containing 50 per 
cent by weight of each constituent. [Ans, 1.348] 
16.45. The dielectric constant of CHs (в) at 0°C and 1 atm pressure is 1.00094. 
Assuming that methane behaves as an ideal gas, calculate (i) the induced 
molar polarisation, and (ii) the‘polarizability of the substance. 
[Апз. (i) 7.02 сс (ii) 2.79 x 107** 
16.46. The magnetic susceptibility of НгО (1) at 25°С is—13.0X10-* c.c. per 
mole while the density is 6.15 в ре! с.с. Calculate (i) the specific magnetic 
susceptibility, and (ii) the magnetic permeability of liquid water at this 
temperature. Ы 
[Апз. (i) X=—0.722 X 10-5 c.c. рег gram atom (ii) 9=0.99999.] 
16.47.17 Rp—4.20 cm? for argon, find np for the gas at 25°C and 250 atm 


pressure. Assuming ideal gas laws. [Ans. 1.065.] 
16.48. At 25°C the molar dielectric polarisation of a compound is measured as 
58.35 cm’, its molar refraction is 17.28 ста. Calculate the molecular 
polarizability and the dipole moment. 
[Ans. «—6.85x 107?! cm’, и=1.41 DJ 
16.49. At 760 mm pressure the permittivity of SO: in the gaseus state is 1.00928 
at 10°C and 1.00561 at 100°C. Find the molecular polarizability and the 
dipole moment. [Ans. «—4.4X 107% ст?, p= 1.68 2.1 
16.50. The dipole moment of the water molecule is 1.840 (6.14 X 1079? ст). 
Taking the moment for each H—O bond to be 1.5! D (5.04 107° cm) 
with hydrogen positive, find by scale drawing or by trigonometry the 
angle between the two O—H bonds which would be consistent with the 
observed total moment. [Ans. НОН angle=105°.] 
16.51. Methyl alcohol has a refractive index of 1.331 at 15°C, and its density at 
this temperature is 796 kg т-з. Calculate the molar refraction and com- 
pare it with the value calculated from the following bond refractions. 
C- H-1.69, C—0-1.51, O—H=1.88 ст? mol-. 
[Ans. Rm=8.24 cm* mol-'; Rm=8.46 cm? mol.7] 
16.52. The dielectric constant of СН; (е) at 0°C and 1 atm pressure is 1.00094. 
Assuming that methane behaves as an ideal gas, calculate (a) the induced: 
molar polarization and (5) the polarizability of this substance. 
[Ans. (a) 7.02 c.c.; (b) 2.79 x 10-2! c.c.] 
г susceptibility of H:O (1) at 25°C is—13.0X 10-8 c.c. per mole, 


16.53. The mola с 
density is 0.9970 g per с.с. Find (а) the specific magnetic 


while the Ў EN pe 1 
susceptibility, and (6) the magnetic permeability of liquid water at this 
temperature. [Ans. (a) Х=0.722Х 107* c.c. 873; (b) а=0.99999.] 


16.54. For Оз (g) X m=3419.0x 10-° c.c. per mole at 25°C. Assuming ям to ge 


negligible compared with X m; 
this molecule. 


calculate the inherent magnetic moment of 
[Ans. ug —2.66X 107?" erg gauss^.] 


17 
NUCLEAR AND PHOTOCHEMISTRY 


INTRODUCTION 


The rate at which a sample containing radioactive nuclei emits particles 
does not depend on the chemical or physical state of the sample. 
In this respect, a radioactive change is quite different from a chemical 
reaction, whose rate is usually affected by the temperature, pressure 
or concentration of the reacting species. Radioactive decay is a pro- 
Perty of the isolated nucleus. It is not stimulated by any outside effect. 
Various theories of nuclear. structure have emerged, a liquid-drop 
model, a shell theory, a unified theory, a cluster theory. Nuclear struc- 
ture often is described ina manner similar to atomic structure—as 
an assembly of protons and neutrons existing in a definite energy level 
analogous to the electron energy levels of the atom. 


Radioactivity Decay 


The decay of radioactive isotopes is a simple first order exponential 
Process. 


— = \Nn ен 


IN * А 
"where — 4 = number of atoms decaying per small increment of 
time 
N = total number of radioactive atoms present at any 
given time 
À = a decay constant, different for each isotope. 


The negative sign indicates at the number of radioactive atoms dec- 
Tease with time 


———AN ++ (2) 
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A is the fraction of radioactive atoms that decays per small increment: 
of time 


N t 

dN 
| ма [м ... (3): 
№ 0 


where № is the original number of radioactive atoms and № is the 
number of radioactive atoms at at any other time. 


№ _ 
2.303 log ү = At 
or, in exponential form 


-Àt 
N=WNe яч 5) 


Half-life 
The half-life of a radioactive isotope is the time required for half of 
the original number of atoms to decay. 


0.693 
x ... (6) 


The curie is a standard unit of radioactive decay. It is now defined as 
the quantity of any radioactive substance in which the decay rate is 
3.700 x 1010 disintegrations per second. Specific activity refers to the 
amount of radioactivity per unit amount of the substance. Specific 
activity may be given in terms of curies per gram (c/g), millicuries 
рег mg (mc/mg), millicuries per millimole (mc/m mole), disintegration 
per minute per millimole (DPM/m mole), counts per minute per 
micromole (СРМ/и mole) or in any other convenient way. 


11/2= 


Isotopic Dilution Analysis 

Another useful radiochemical technique is radiometric analysis, also 
called isotope dilution analysis. To a solution containing an unknown 
is added a solution containing a known quantity of a radioactive pes- 
cies isotopic with the unknown. Then the desired ion or compound is 
separated, and the per cent of the radioactivity recovered is determined. 
The non-radioactive material will have been recovered to the same per 
cent. The original concentration can be estimated. 


Activation Analysis 
Activation analysis is used to determine the traces of impurities of 
one element in another. The tracer technique is especially useful where 
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quantitative recovery of the substance in question is difficult or 
impossible. The technique involves adding a known amount of radio- 
active compound to the mixture and then reisolating a small amount 
of the compound. The amount of compound recovered is unimpor- 
tant, provided it is sufficient to weigh and count. From the specific 
activity of the reisolated compound as well as a total number of 
counts originally added, the amount of non-radioactive compound in 
the mixture can be calculated. Unstable or energy-rich nuclei throw 
off their excess energy and drop to more stable energy states by emit- 
ting various high energy particles and radiations, some nuclei split or 
fission in this process. These processes are called nuclear processes. 


Law of Photochemical Equivalence 

There are two basic laws of photochemistry. According to the first 
which is due to Grotthus and Draper, only light that is absorbed can 
produce photochemical change. The second law of photochemistry 
was proposed by Stark and Einstein is that a molecule absorbs a single 
quantum of light before it is excited or activated 

A+hy—>A* 
Avogadro’s number of photons is called an “einstein.” The second 
law of photochemistry provides the basis for the calculation of quan- 
tum yield of a particular process. 
Number of molecules undergoing the process 
Number of quanta absorbed — 

‘The quantum yield is an efficiency rating, provides a convenient means 
for describing the experimental facts and helps in suggesting a 
mechanism for the reaction. 

In photochemistry the choice of wavelength determines the quantum 
energy of the photons. 

The effect of radiation on matter depends on the amounts of irradia- 
tion, and the measurement of the amount of irradiation is known as 
radiation dosimetry. 

Yields of radiation induced reactions are expressed as G-values, 
where G is the number of molecules changed per 100 eV of energy 
absorbed. 

The rad. The energy absorbed per unit weight of medium is known 
as the absorbed dose, and the official unit of absorbed dose is the rad. 
One rad is equal to 100 ergs per g. 

The roentgen. When a sample is exposed to a beam of X-rays or 
"X-rays, the absorbed dose is not only dependent on the radiation but 
also on the properties of the medium. The unit of exposure is the 


Ф = 
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roentgen К 
1R=2.58 x 1074 coulombs per kg. 

Chemical dosimetry. Chemical dosimetry is the measurement of 
absorbed dose by chemical means. For radiation chemists it is by far 
the most convenient and popular method of measuring absorbed dose. 
For use as a dosimetry, a chemical system must have an accurately 
known radiolytic yield which has previously been determined by a 

` calorimetric method ог by ionisation dosimetry. In addition, it is an 
advantage for the reactant or the products of irradiation to be analy- 
sed easily. If a system has a known G-value of, say, x molecules of a 
particular product рег 100 eV of energy absorbed, then exposure of 
the system to radiation followed by an analysis of the product will 
give the amount of energy absorbed by the medium under the condi 
tions employed. 

Problem 17.1. Calculate the half-life of sodium-24 ifa 24x10 5g 
sample disintegrates at the rate of 7.73 х 101° atoms per sec. 

atoms disintegrating per sec 
Atoms present —— — 
7.73 x 1012 


d: ? 
(2.4х10 (5, ) 6.02 x 10° 


A= 1.28X 1075 sec 1. 
0.693 
1.28 x 10-5 зес-1 
11/2 = 5.41 X 10! sec. 
Problem 17.2. If Co-60 has a half-life of 5.2 years how much ofa 
10.0 g sample will still be radioactive after 31.2 years? 


312. 
БЮ 


Solution. A 


A= 


11/2 = 


Solution. Number of half lives = 


a 


6 
‘Gram sample remaining = 100 g x кс 


= (10.02) х —- 
= 0.16 g. 
Problem 17.3. Calculate the radius of a nucleus of fluorine- 19. 
Solution. Radius = 41/2 (1.4 х 10713 cm) 
where A is the mass number of the element 
Radius = (19)1!3 (1.4x 10713 cm) 
Radius = 2.7(1.4Х 10713 cm) 
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Radius = 3.8 х 10713 cm 

The radius of fluorine nucleus will be 3.8 x 10-13 сш, 

Problem 17.4. Balance the following nuclear equations and give the 
correct symbol for the particle designated by X in each: 


(a) X¥+ Н- “C+ iHe 

(5) и Ма + ?H> “мах 

Solution. (а) Y mass number = (12+4)-1 = 14 
X atomic number = (6+-2)—1 — 7 


x X if atomic number is 7 the element is an isotope of nitrogen = М. 


(b) X mass number == (23+-2)—24 = 1 
X atomic number = (114-1)—11 = | 


1 
X-iH. 


Problem 17.5. “°K constitutes 0.012 Per cent of the potassium in 
nature. The human body contains about 0.35 per cent potassium by 
weight. Calculate the total radioactivity resulting from “К decay in 
a 75 kg human. The half-life for °K is 1.3Х 10? years, 

Solution. Total “°K = 0.012% x 0.35% x 75 x 103 g 

“К = 3.15% 107? g, 


_ 315x107? g К 
Number of °K atoms = т X 6.023 x 1023 atoms/g atm 


4.75 X 10?? atoms 
ое ео o 
1.3 x 10° x 365 X 24x60 
a = 695x103 а 
6.83 x 1014 
A= 1.014x 10715 min 
—dN/dt = А. М. 
DPM = (1.014% 10755) (4.75 x 1920) 
DPM = 4.82 х 10-5 DPM. 
Problem 17.6. A solution contains | mc of L- 
(uniformly labelled) in 2.0 ml of solution. The s 
labelled amino acid is given as 150 mc/m mole. 
centration of L-phenylalanine in the solution a 
the solution in terms of CPM/ml at a count 
cent, 


Il 


phenyl alanine Cu 
pecific activity of the 
Calculate (a) the con- 
nd (b) the activity of 
ing efficiency of 80 per 
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Solution. (а) If 1 m mole is equivalent to 150 mc, calculate the: 
number of m moles that corresponds to 1 mc: 
Lm mole —0,00667 m mole/me. 
The 1 mc is dissolved in 2.0 ml 
6.67 х 10-3 m mole 
2.0 ml 
Concentration=3.335 X 10-3 m moles/ml 
Concentration=3.335 X 107° M 
(b) 1 curie=2.22 x 101? DPM 
1 mc=2.22 x 10? DPM 
Total activity=(0.80) (2.22 x 10°) CPM 
Total activity=1.775 x 10° CPM in 20 ml 
1.775%10? СРМ. _ 9,888 x 109 CPM/ml 
2.0 ml 
activity=8.88 x 108 CPM/ml. 
Problem 17.7. Calculate the energy change in k. cal. for the fission 


Concentration= 


of one mole of 4 Pu by the reaction 


14g, 


239. 1 90 £ 0 
PUT qn as Ic Се+4 0142 e 
given the observed masses of the various isotopes are = Pu 
(239.0006), зо. (89.8864), “Се (145.8865), ọn (1.00867) and. 


0 
-,€ (0.000549). 


Solution (a) Product mass: 89.8864 г 


145 


--145.8865 „Се 
4-4(1.00867) 4.03468 4 n 


+2(0.000549) 0.00110.2 „e 


T 


— 


239.80868 


————— 
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Reactant mass: 239.0006 Mein 
+1.008671 "n 


240.000927 


4Nm—240.00927—239.80868— 0.20059 


This loss in mass is converted to energy that is released, i.e., the 
reaction is exothermic. The energy released is 


X1.,,—0.20059 g XIX 4.31 X 10? k. cal. 


Problem 17.8. Calculate the energy released in joules and in MeV 
in the following nuclear reactions: 


(а) {Н+ ?н— fret л 
6) TH+ jH— Не în 


-Assume that the mass of Н is 2.0141, mass of iH is 3.0160, mass 


of jHeis4.0015, mass of “Ней 3.0160. 
Solution. Mass of M: atom—2.0141 amu 
Mass of {H atom—3.0160 amu 

Mass of "Не atom=3,0160 amu 


Mass of «Не atom—4.0026 amu 


Mass of neutron =1,0087 amu. 


In these reactions there is no change in the total number of external 


electrons, and the difference in isotopic masses is the same as the 
difference in nuclear masses. 


(a) {H+ {H> ?не+л 
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Mass consumed in reaction—2.01414-2.0141—0.0160—1.008 


=0.0035 amu 
Energy released in reaction 7c? 
s , 
—0.0035 amu x FLEXIO ke (3.00 1% m ) 
1 amu sec 
=5.2x 10713] 
leV 1 MeV 
" 713 €— —À— — У... P ШШШЮ 
52x10! J x Tie er * Tx10° eV 
=3.25 MeV 


() H+ {H+ Hen 
Mass consumed іп reaction=2.0141-+-3.0160—4,0026—1.0087 


—0.0188 amu 
Energy released in reaction=mc? 
C | 
—0.0188 amu х 66X10 k (3.90. 108 m, ѕест1)2 
1 amu 
=2.81x 1072 J 
2.81 x 10712 JX Lev TS МЕ 


1.60х 10-27 ~*~ 1x10%eV 
=17.6 MeV. 


Problem 17.9, Pu is an alpha particle emitter. Calculate its 


half-life if а 0.100 mg sample produces 1.40 x 107 disintegrations per 
minute, 
Solution, Atoms disintegrating in unit time 
=)\A=1.40X 107 atoms/min 


A=total number of atoms 
е 1 mole x 6.02 x 10:3 atoms 


1g -imoie: 
A=0.100 mg x 1000 mg ^ 239g 1 mole 
А=2.52 x 1017 atoms 


y= 1.40% 107 atoms/min 
= 79.52 х101 atoms 


А=5.56 x 11711 min? 


— 9693 _ 0.693 
Wa MO = SOROS min 


= 10 mi 
11/2=1.25 x 1010 min 1 yent 


hd а 1 ААУ Уер. 
1/2 10 years=1.25 x 101? min. X они” 24 hr 365 days 


tı/2 in years—2.38 x 104 years. 


Problem 17.10. To 50.00 ml of a solution containing an unknown 
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concentration of zinc ion was added 0.100 и curie of *?2Zn?* in 10 mt 
of solution, and the total volume was diluted to 100 ml with water. 
Precipitation of a zinc salt yielded 0.200 g of zinc in the solid phase, 
with an activity of 0.823 и curie. What was the original concentration 
of the zinc ion? 
Solution. Per cent Zn recovered— per cent 9?Zn recovered 
= E эпо 
—82.3 per cent 
0.200 g recovered 
0.883 g recovered/g total 
Total zinc—0.243 g total 
0.243 g 

(65.37 g/mole) (0.0500 litre) — 0743 М Zn** 


Problem 17.11. Determine the magnitude of an einstein for red 
light of wavelength 6500 А. 


Nh 
Solution, AE= X £ 


AE= (6.022 x 1023) (6.626 x 10794) (3.00 x 108) 
6.50 x 107? 
ДЕ=1.84 X 105 J einstein-1, 

Problem 17.12. In а certain experiment irradiation of biacetyl gas 
with UV radiation (253.7 nm) for 1.80x 104s produced 6.33 x 10-8 
mole cm™ of CO. The intensity of the radiation absorbed by the 
eM was 1.71Х 1078 J cm^? 5-1, What is the quantum yield of 

0? i . 


Total zinc = 


Solution. Energy of one photon, Е = te. 
— (6.63 x 10791) (3.00 x 108) 
253.7 x 107° 
=2.18 X 1012 стз 5-1 
The number of photons absorbed is г 
Tat =(2.18 x 1012) (1.80 x 10*) cm™=3,93 x 1016 cm? 
Number of CO molecules S 
6.33 x 1078x N=(6.33 x 1078) (6.02 x 1023) cm73 
=3.81 X 1016 cm-3 
_ 3.81 x 1018 
= 333x10s —097. 
Problem 1743. When ergosterol is irradiated with ultraviolet light 
below 3100 A, Vitamin D, the antirachitic Vitamin is produced in 
proportion to the number of quanta absorbed. When irradiated 
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ergosterol was included in diet otherwise devoid of vitamin D, it was 
found that absorbed radiant energy of about 750 ergs was necessary 
to prevent rickets in a rat when fed over a period of 2 weeks. The 
light used had a wavelength of 2650 A. 
Solution. (а) The number of quanta necessary to give 750 ergs? 
-27 10` 
в=һ›=-%2*10 =) 60109) 31,5 x 10-1? erg 
750 
7.5 x 10712 
(b) If we assume that the primary photoprocess is the only chemi- 
cal reaction, how many molecules of vitamin D per day are necessary 
to prevent rickets in a rat? 
100x10 =7.14x 10" 


Number of quanta= =1.0x 1044 


Molecules per day= 


(c) If vitamin D has a molecular weight of the same order of 
magnitude as ergosterol (382), how many grams of vitamin D per 
day are necessary to prevent rickets in a rat? 

(7.14 х 1012) (382) _ 

6.02 x 1023 
=4,53 x 107%. 


Grams per day = 


EXERCISES 


37.1. Classify each of the following nuclides as “probably. stable,” “beta 


emitters” ог “positron emitters,” Са He Pb, В Но, А1, 
sn, Kr. 
[^= Beta emitter: „Са, sal, Кг 
Positron emitter: # В, ‘Но, НЕ | 


Stable: “РЬ, 15550. ] 


17.2. Of the following nuclides "Cd, 2 In апд Sn which is likely to be 


111 
radioactive? L In. | 


17.3. The half-life of "1, Pb is 10.6 hours that of its daughter" ав is 60.5 min- 
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utes. How long will it take for a maximum daughter activity to grow іт 
freshly separated "Pb? . [Ans. 3.78 hours.]. 


17.4. Some radioactive material is decaying with a 30-day half-life. Chemical 
separation prccedures yield two fractions. Immediately after separation 
one of the fractions decays within a 2 days-life. Would.the other fraction 
show immediately after separation, constant activity, increasing activity, 
decay with a 30 day half, or decay with a 28 day half-life? Explain. 

[Ans. Increasing activity.] 

17.5. A sample of rock from Grand Canyon was analysed for gold content by 
neutrons activation. A 1.00 gram sample was irradiated in a flux of 10! 
neutrons/cm? sec for about 3 weeks. Then the sample was removed, 
dissolved and some inactive gold carrier was added. Gold was preci- 


"n 92 
pitated as the sulphide and was found to have an activity due to™ AU of 
20 dis/min, corrected to the time of bombardment. The cross-section of 
"iiu for neutrons is 98 barns. The half-life of "5 Au is 2.7 days. What 


weight of gold is there per gram of rock sample? — [Ans. 1 x 107? gram.] 
17.6. Са* has a half-life of 163 days. Calculate (a) the decay constant (2) in 
terms of 4ауз-1 and sec-!, and (b) the per cent of initial radioactivity. 
remaining in a sample after 90 days. 
[Ans. 1—4.26 x 10-3 days-!, 4.92 10-5 sec", 68.1 per cent.] 
17.7. I?! has a half-life of 8 days. Calculate (a) the fraction of the 11 atoms 
that decays per day per minute, and (b) the specific activity of pure 1131 in 
terms of DPM/g, curries/g and curries/g atom. 
[Ans, (a) One atom out of every 11.5 radioactive atoms present decays. 
per day, one atom out of every 16,600 radioactive atoms present 
decays per minute, (b) 27.65x10!* DPM/g, 12.45 X 104 curries/g 950: 
curies/g atom.] 
17.8. Calculate the number of atoms disintegrating per minute in a mass of 
0.001 g of radium which is an alpha emitter with a half-life of 1620 years, 
[Ans, 1.85 x 101*.] 


17.9. The isotope of E Co has a half-life of 5.27 years. What amount of a 
0.0100 в sample of Со remains after 1.00 year? [Ans. 6.0088 g.] 


17.10. The nuclide "Au has a half-life of 64.8 hours. How mùch of a 0.0100 р. 
sample remains at the end of one day? [Ans, 7.7xX107* р.р 


: 17.11. By natural radioactivity 0 undergoes the following chang:s 


AU +> UX, («-particle) 


UX, > UX;(6-particle). 
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Determine the atomic mass and atomic number of UX; and Хз. 
[Ans, UX, mass number 234, atomic number 90; ОХ» mass number 234, 
atomic number 91.] 
17.12. On analysis a sample of uranium ore was found to contain 0:277 g of 
pb апа 1.067 в of "0. The half-life period of uranium is 4.51 x 10" 


years, If all lead were assumed to have come from decay of iU what 


is the age of the ore? [Ans, 1.22x10? years.] 

17.13. After the lapse of half an hour only 1/4th of the initial quantity of a 
radioisotope remains behind. Calculate its disintegration constant and 

its half-life. [Ans, k=1.396 hr-?, Half-life 10.5 hour.] 
17.14. A sample of pitch blende is found to contain 50 per cent uranium and 
2.425 per cent lead. Of this lead only 93 per cent was 2°6Pb isotope. If the: 
disintegration constant is 1.52 х 107? year—*, how old could be the pitch 

blend deposit? [Ans. 3.33x10* years.] 
17.15. A wooden idol recovered in an excavation was found to contain 25.6 per 
cent as much СМ as ordinary wood todate has. What is the approximate 

age of this wooden idol? [Ans. 11,330 years.] 

. 17.16. The half-life of Тс, a B-emitter is 16 sec. How many atoms of 1T, are: 
present in a sample with an activity of 0.200 р? What is the weight of the 
sample? [Ans, 2.84 х 107?* в То.] 


17.17. The nuclide At decays to’), Bi by alpha emission. The mass of 


213 At is 212.9931 u and the mass ог’, „ВЕ is 208.9804 ù. Calculate the 
energy released in this process. [Ans. 9.46 MeV.], 


17.18. The energy released by decay of iSi by positron emission 15 3.80 MeV. 
The daughter nuclide SA has a mass of 26.98174 и. What is mass of 


usi? [Ans. 26.98672 u.] 
17.19. Calculate the weight in grams of calcium in 1 mc of Cat. The half-life 

of Ca*® is 163 days. [Ans, 5.62x10^ g.] 
17.20. A 10 ml suspension of Cr! labelled red blood cells containing 3 x 10* 

CPM total radioactivity was injected into an animal. After 10 minutes 
ood sample was taken and found to contain 5x10* CPM/ml. 


‚а small bl | 
| blood volume of the animal. [Ans. 6 litre] 


Calculate the total 


17.21. The carbon! from the heartwood ofa giant sequsia tree give 10.8 © 


counts per minute рег gram of carbon, whereas the wood from the outer 


portion of the tree gives 15.3 С counis per minute per gram of carbon.. 
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How old is the tree? [Ans, 2890 vears.] 
17.22 Write the balanced nuclear reactions for the following: 


(а) The decay of ort by beta emission. 

(b) The decay of М by positron emission. 

(c) The decay of Th by alpha emission, 
[А ЗС] > Art % 
1215, (а) 17 18 ES! 


(b) 5C + 5C +e 


230, 


4 
(с) ‘отв "и Ra- „Не.] 
17.23. Predict whether the following unstable nuclei would decay by beta or 
Positron emission; (a) 3 Li, (b) эма, (c) WAT, (а) зр. 
[Ans. (а) beta, (b) positron, (c) positron, (d) beta.] 
17.24, Waatis the mass of the nucleus “С if 0.60 MeV of energy is liberated in 
the reaction 


NH n> ЧС+р 


The mass of им is 14.003074 amu. [Ans, 13.99998 amu.] 
17.25. Assume that a reaction that may be used in a hydrogen bomb is 
sLi+ 1952 4 He. From the mass difference in the reactants and pro- 

ducts, calculate the number of kilo joules produced when 100 gof lithium 


reacts by this process. Isotopic masses, shi, 6.025126; iH, 2.014102; 


í He, 4.00260 atomic mass units, [Ans. 3.60 x 10° kJ.] 


17.26. If the average loss on ion-pair formation in a gas is 35 eV, how many 


ion pairs are formed in a gas by the passage of 5.3 MeV alpha particle? 
[Ans. 1.5x105 years.] 


ducts 4 and according to the equation 
2NCr+2 jHeo4B4 IB E 
A then emits a positron to become B and B emits a positron to become 


a Cr. Identify A and B and write equations for the various reactions. 
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[Ans, 4— Fe; B= „Ма 
26 
Бе» Mn+ 1e 


Мп Cr+ vel 
17.28. i i = 
28 Balance the following equations and give the correct symbol for the 
Particle designated by X in each 


(а) ZAl+X> "Nat {Не 


23. 
(6) 0+ л> ‘ваз аи Х 


[Ans. (a) X= in (b) X= „Кг.] 


1729. A. solution of L-lysine-C!* (uniformly labelled) conta ins 1.2 mc and 0.77 
ul of L-lysine per ml. Calculate the specific activity of lysine in terms of 

a oe (b) mc/m mole, (c) DPM/ mole, and (d) CPM/t- mole for 

rbon at a counting efficiency of 80 per cent. 

[Ans, (а) 1.56 mc/mg, (b) 228 mc/m mole, (c) 5.06x 10° DPM/ mole 

17.30. Fifty] (d) 6.75 x 10* CPM/y mole of carbon.] 
4 Edo ug of Co* labelled vitamin Bis containing 7,39 X 105 CPM, were 

x ed to a sample containing an unknown amount of unlabelled vitamin 
12. The sample was then extracted with vitamin Bis purified by 
Chromatography. The final product contained 49 в of vitamin Bss and 
1.58х 10° СРМ of radioactivity. Calculate the amount of unlabelled 
Vitamin B,, in the sample. [Апз. 172.5 8.] 
An isotope with a half-life of 10 hours was injected into the blood-stream 
of an animal. Blood samples were taken periodically and counted 
immediately, The specific activities of the sample are shown below. From 
the data, calculate the biological half-life of the isotope in the blood 


17.31. 


Stream, 
Sample time (hours) Specific activity (CPM/ml) 
2 9400 
4 6490 
6 4490 
10 2140 
18 490 
=3.75 hour; 


=6 hour, effective 7 
CPM/ml at zero time=13,600.] 


17.32, Atmospheric oxygen contains 99.7587 per cent of м0, 0.0374 per cent of 


"0 and 0.2039 per cent 15O. Calculate the average atomic weight of 
f the isotopes are 15.9949, 16.9991 


oxygen from air, if the atomic masses © 
and 17.9992 respectively. [Ans. 15.9994 amu.] 


[Ans. Biological ty 
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17.33. Naturally occurring neon is a mixture of three neon isotopes, *°Ne, ?!Ne 
and ??Ne. It has been found to have 90.4 per cent *°Ne, 0.5 per cent ?!Ne 
and 9.0 **Ne. Calculate the expected atomic weight of neon. 


[Ans. 20.0 amu.] 
17.34, Determine the momentum of a photon of violet light having a wavelength 
3950 A. [Ans. 1.68 x 10-27 kg.m. s-.] 


17.35. The quantum yield for a particular photochemical reaction is 0.5. What 
wavelength of light is necessary to overcome a free energy barrier of 
—763 kJ per mole of reactant molecule and cause this reaction to occur? 

[Ans, 3.13 Х 107? m.] 

17.36. The quantum yield for the photochemical reaction 

(СНз), СО > C:H;+CO 
is 0.2. For how long must light of intensity 6.29 x 1017 quanta-s~? be inci- 
dent on thesample to produce 0.01 moles CO gas. Assume that 85 per cent 
of the light is absorbed by the sample. [Ans. 15.6 hour.] 

17.37. In the photochemical reaction . 

NH:(g)  3Nx(g)--2Hs(g) 
with light at wavelength 2.10 х 107? m, it is found that 1.94 kJ of energy 
decomposes 7.5 x 107 moles of NHs. Calculate the quantum yield? 
[Ans, 0.22.] 

17.38. A solution placed in 1.0 cm solution cell is found to transmit 34.3 per 
cent of light at wavelength 2.16x 10-7 m. The molar absorption coefficient 
for the solute at this wavelength is 6.73:410* m-! cm-!, What is the 
concentration of the solution? Assume» that the per cent transmittance 
given above has been corrected for any absorption due to solvent. 

Ап, 1.59 x 1075 M] 

17.39. The dye acriflavine, when dissolved in water, has its maximum light 
absorption at 4530 A, and its maximum fluorescence emission at 5080 A. 
The number of fluorescence quanta is, on the average, 53 per cent of the 
number of quanta absorbed, Using the wavelengths of maximum absorp- 
tion and emission, what Percentage of absorbed energy is emitted as 
fluorescence? (Ans, 47 per cent.] 

17.40. In a measurement of the quantum efficiency of photosynthesis in green 
Plants, it was found that 8 quanta of red light at 6850 A were necded to 
evolve one molecule of О.. The average storage in the photosynthetic 
process is 112 К. cal. per mole of Оз evolved. What is the energy conver- 
sion efficiency in this experiment? Ans. 34 per cent.] 

17.41. An acid solution of KaL Fe(C20,);] is used as an actinometer to measure 
the intensity of the light incident upon a vessel. After exposure to light of 
wavelength 253.7 nm for 10? $, the concentration of ferrous iron was 
found to be 5.0x 10-5 М. fhe fraction of light absorbed by actinometer 
solution is 0.1. What is the intensity of the incident light? 

[Ans, 1.89 10-8 J cm? s74] 

17.42, An aqueous solution of monochloroacetic acid decomposes photochemi- 
cally as follows: 

CICH:CO:H+H:0 > HOCH;CO;H --HCI 
Photolysis of 8.23 ml samples at 2537 A, 25°C, and an initial mono- 
chloroacetic acid concentration of 0.5 M, yielded the following results for 
two different exposure times, t 
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t!(min). 837 2774 
absorbed energy (108 erg) 3.436 1.190 
amount of СГ (10-5 mole) 2.325 0.863 


Separate experiments in the dark showed that 3.5 x 1019 mole СІ- min! is 
found thermally. Calculate quantum yield of the photochemical reaction. 
[Ans. 0.31.] 
17.43. Samples of (a) aniline, and (5) cyclohexane are exposed to 10° roentgens 
of X-rays of effective mean energy 100 keV. Calculate the dose in rads for 
each, [Ans. (а) 86000 rads, (5) 91000 rads.] 
17.44. The iftadiation of an aromatic solution produces solvent triplets in a 
yield, independent of solute concentration, of G=40, with a mean life in 
the pure solvent of ,1.4 10-7 s, what would be the yield of solute triplets 
if the solvent triplets could transfer energy to solute wiih k=10'° m^? s7* 
(a) for 1.25 x 107* M solution, (6) for 107? М solution? 

¢ [Ans. (a) G=0.6, (b) G=2 3.] 
17.45. Using a cell 1 cm in thickness, the following data for K;CrOi solution 

were obtained at —3660 A in a photo-electric calorimeter 


It Concentration 
ЗЕ; (moles| litre х 10%) 
0.420 0.80 
0.275 : 1.20 
0.175 1.60 
0.110 $ 2.00 


Plot these data and determine the molar absorption and extinction co- 
efficient of K»CrO. at this wavelength. 


18 
MATHEMATICAL METHODS 


INTRODUCTION 


In order to improve communication across interdisciplinary and inter- 
national boundaries, international scientific organizations are engaged 
in working out standardized names, symbols and units for physico- 
chemical quantities. One such organization is International Union of 
Pure and Applied Chemistry (IUPAC). 

The SI units were adopted by the General Conference of Weights 
and Measures in 1960 for use in Science and Technology. When the 
chemist measures any physical quantity, he counts these units on the 
scale of whatever piece of equipment he happens to be using, he gets 
a number represented by a certain figure which he writes down. How- 
ever, he tries to estimate the smallest possible fraction of the scale 
unit. The idea of significant figures is based on the fact that it is 
possible to read a scale just so accurately and no more. In reading 
‘scales you can generally make a visual estimate of 0.1 the smallest 
unit, if the unit is not too small. Again if each centimetre is marked 
into ten units each one of these is 0.1 cm. This means that the best 
visual estimate that can be made is 0.10.1 or 0.01 cm. This is con- 
sidered as probable error in each measurement regardless of its total 
length. For example, in measuring the height /1—0.47 cm, it is possibly 
as large as 0.48 cm or as small аз 0.46 cm. Such a value is often 
writen as 0.47+0.01. Since both the 4 and 7 are known with some 
degree of certainty, this number is said to have two significant figures. 
There would still be two significant figures if the uncertainty were as 
large as 0.40 +0.04. The zeros before the decimal point are never con- 
sidered significant. 

The percentage error depends on the size of the measurement as 
under: 

Error in the quantity 
The quantity 


"The per cent error in the measured height 0.47--0.04 can be calcula- 
ted as 


Percentage error X 100 per cent 
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0.04 
0.47 
8.51 per cent. 


Per cent error x 100 


ll 


Scientific Notation 

The scientific notation is also known as the powers of ten method. 
It is used by chemists for two reasons. First, it indicates the degree of 
precision of the numbers used in calculation. Second it avoids errors 
arising from the use of “bulky” numbers which have large number of 
zeros before or after the decimal point. In order to write a number in 
scientific notation the following points should be borne in mind. 

Rule I. Move the decimal point in each number to the position 
behind the first non-zero digit, giving a number between 1 and 10. 
If the number is less than one, do just as before, but use a negative 
exponent. The following examples will illustrate the method 

(a) 3867.5. 

Since this number is greater than ! and the number of moves is 3. The. 
number can be written as 3.8675 x 10°. 

(b) 0.0481. 

This number being less than one and we have to make two moves, the 
number can thus be written as 4.81 x 10-2. 

Rule Il. Multiply and divide the numbers and their powers of 10 
Separately, The following examples will illustrate the rule. 

(а) (3.0675 x 102)(4.91 x 10-2) 

=15.10 x 1077? 
=15.10 x 101 
en =1.51х 10°. 
the exponents are added in multiplication. 
(b) 3.0675 x 10°-* 
4.91 x 10? 
= 0.624x 1027€» 
= 0.624x 10° 
= 6.24х10* 


Exponents and Exponential Notation ; 
When two or TE quantities are multiplied together, the ppr 
tion is called a product, Sometimes in а pedant A eH a A eat- 
quantity is repeated. For example, the product 3.3.8 rete г ii 
ed 3, the product n xn хп contains a repeated п. In products, rep 
quantities such as these can be conveniently represented by exponents, 
The exponent is equal to the number of times a quantity is repeated. 
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The quantity 3.3 is equivalent to 3° and the nxn Xn is equivalent to 
пз. These quantities may be described as three squared or п cubed. 
Exponential notation consists of a number or quantity written with a 
superscript. The number or quantity is called the base; the superscript 
is the exponent or power to which the base is raised. In из, n is the 
base and 3 power is called the exponent. The following systematic 


procedure called the laws of exponents are found to be very useful. 
Law I. bk, p — b?! 


Law II. (b) =!" 
Law III. (acf =at 
A* 
Law IV. Я FUP ШЕР 
Logarithms 


Normally chemical calculations use base 10 logarithms. These 
logarithms are exponents of 10. Logarithms consist of a whole num- 
ber called characteristic, this is followed by a decimal number called 


mantissa. For finding the logarithm of a number, following procedure 
will be useful. 


(a) Let the number be 343. 
1. Write the given number in the scientific notation that is as the 
product of some number and some power of 10, 1.е., 
343=3.43 x10? 
2. Look up the logarithm of the number preceding the power of 
10 in a log table. Log 3.43=0.5353. 
3. Add this to the exponent of 10. Thus 
Log 343—0.5353--2—2.5353. 
(b) Let the number be 0.020. The log of this number will be nega- 
tive: 
18 0.0200= 2.00 х 1072. 
2. Log 2.00=0.3010. 
3. Log 0.020=0.3010—2. 
To find a number from its logarithm, following step should be 
adopted. 
1. Make sure that log is written in a form such that the decimal 
part is positive. 
Let the number has the logarithm —4.3010. Add the log to the 
next largest whole number, then subtract that number, i.e., 
(—4.3010-- 5)—5—0.6990—5. 
2. Look up the mantissa in the logarithmic part of the table and 
find the number to which it closely corresponds. For example, the 
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number 5.00 corresponds to 0.6990 in the mantissa part of the table. 
3. Write this number asthe first part of the scientific notation. 
Then use the whole number in the log as the exponent of 10. For · 
example in this case 
0.6990—5 
5.00 x 1075, 


The Method of Least Square 

This is a statistical method and makes use of the principle that the 
most probable true value of an observed quantity is that value for 
Which the sum of the squares of the deviations from it is at a mini- 


` mum. 


Let y and x be the values determined experimentally in и trials. 
This gives us 7 pairs of values of y and x. If y and x are related by 
the equation, 

у=тх-Ь on ely 
We are interested to find the best values for т and b consistent with 
the experimental data. Let r be the deviation defined as, 

r=y—(mx-+-b) ++ Q) 
Боги trials we can write after squaring, 

Угуз m2 $xf-enb?—2m Xxy—2b Sy+2mb Зх а. (3) 

The best values for m and b are found by minimizing Xr? with respect 
to m and b. This can be achieved by setting the first derivatives of r? 
with respect to m and b respectively equal to zero, i.e., 


ш cm >= У »+2 У х=0 ...0 


and a = 2nb—2 > y--2m mS x=0 BC) 


Dividing both equations by 2 we have 


аз b =0 +++ (6) 
т > x уЗ xy+ 2 x 
KT * e NO 
nb— 2 у+т ? x 


These equations may be solved simultaneously for mand b. 

The same procedure may be followed for equations of higher order. 
Each increase of one in order simply requires one more parameter 
With respect to which Xr? must be minimized, and therefore increases 
by one the number of simultaneous equations, to be solved. 
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Several other important statistical values can be obtained from the 
squares method. The correlation coefficient gives an estimate of how 
well the data correlate to the straight line defined by the least squares 
method. 


Slide Rule 

The slide rule cannot be regarded as modern invention in the strict 
sense, as the first design dates from the early part of the seventeenth 
century. The underlying principle of slide a rule is calculation by loga- 
rithms. Component parts of the slide rule are shown in Fig. 18.1. 


ED 


i> 
15 
3 


15 ^ 
RT 
e» 


1 


Fig. 18.1. Slide Rule. 


The body of the rule is usually termed the “stock”. The smaller 
part, which сап be moved to right or left, is called the "slide" and 
the movable index is known as “cursor” or indicator. If you examine 
the stock you will find it is built up of several parts which give it а 
degree of flexibility. 

C and D scales. There are several scales on the rule. In a general- 
purpose type slide rule, among others, there are two scales usually 
denoted by the letters C and D. Scale C lies along the bottom edge of 
the slide, and scale D is on the stock adjacent to the scale C. The two 
scales are identical in their graduations and are, in fact, one single 
scale which has been cut through lengthwise. The main graduations 
of scales C and D are numbered 1, 2, 3, etc. up to 10. Subdivision 
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should be numbered as fully as possible without carrying the process 
to the extent of causing confusion. 

A and B scales. These scales lie adjacent to one another, А on the 
stock and B on the upper edge of the slide. The numbering of the 
main divisions of scales А and В, starting from the left-hand should 
be 1, 2, 3, etc. up to 10, then 20, 30 etc. up to 100. The Fig. 10 marks 
the line midway along the length of the scale. 

Scales А and В in conjunction with scales Cand D give a quick 
means of extracting square and cube roots, and of squaring and 
cubing numbers. Since scale D is twice the length of each of the 
identical halves of scale A, it follows that as we move along scale А, 
We pass the logarithmic milestones twice as fast as when moving along 
Scale D. 

Log-log scales. These scales when present in a slide rule are often 
Placed along the top and bottom edges of the stock. Log-log scales 
are very useful in dealing with technical problems. These are marked 
LU and LL. 

Log scale. It is оп the.reverse side of the slide and is usually mark- 

ed L. This enables us in conjunction with scale D to read off loga- 
rithms of numbers. 
_ Reciprocal scale, It lies along the middle of the slide. It is divided 
in the same way as the C and D scales, but it is reversed and reads 
backward from right to left. Square roots can be conveniently obtain- 
€d with the help of this scale. 

Sine and tangent scales. The scale marked S is scale of sines. Its 
graduation will probably start at a value of 35 minutes and finish at. 
90°. This scale is used in conjunction with scale A. : 

The tangent scale is labelled Т and the graduations start just below 
6° and go up to 45°. It is used in conjunction with the D scale. In 
addition, there may be some linear scales fitted to the slide rule. These- 
have no connection with the rule as a calculating 
the appearance of the slide rule. A slide rule shou 
carefully and must not be used for ruling lines o 
ments, when a plastic ruler may be used. 

Problem 18.1. Using the least square method; calculate the slope 
and intercept of the equation Ў 
è log K=eo+log К 
if the experimental values of с and log 


device. They add to 
14 be always handled: 
г to take measure- 


K are as follows: 


log K xni 
4 ir 

6.02 2.00 

7.47 2.98 


9.10 4.05 
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Solution. First complete the table 


logK logK c бз 
4.49 4.54 1.01 1.02 
6.02 14.04 2.00 4.00 
7.47 22.26 2.98 8.88 
9.10 36.86 4.05 16.40 
27.08 75.90 10.04 30.30 
q=3(0) (log K)—& 108 X9) куз) 
е (27.09) x ( 10.94) 
= 75.70— 4 
=7.70 
s.a (98) 
Z = Ўз nr 
(10.04) 
3030 —- 
=5.10 
4 _ 7170. 
Zee 5 
=1.51 
Antercept (c)=log K—Pa 
— 27.08 _ (10.04) 
57 1.51 Um 
=2.98. 


8.2x 14x 7x 29.1 X 77.6 x 50.2 
picnic 162. Salve — Te Т 606 3 ABO 

Solution. Set X to 82 D, 186 Сю X, X to 147 C, 327 C to X, X to 
291 C, 606 C to X, X to 776 C, 480C to X, X to 502 C. 

Read the result 772 in D under X. 

Approximation gives 70; the result is 77.2. 

Problem 18.3. Find the tenth power of 21. 

Solution. 21 lies in LL, but 2.1 is in LU, and we can use 2.1X10 
-and raise each factor to the tenth power. Projecting 2.1 from LU to 
LL we obtain 1670. The result therefore will be 1.67 х 1013: 

Problem 18.4. Using logarithm solve the following 

_ 19.86 X(98.37)5 
7858.7 
Solution, Take logarithm of both sides of this equation, 
log y=log 10.86+3 log (98.37) —% log 858.7 
=1.036--3(1.9927)—+ (2.9339) 


48.1 


18.2, 


18.4, 


18.5, 
18.6, 


18.7. 
18.8. 


18.9. 
18.10. 


18.11. 


18.12. 
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log y—1.03674-5.7711— 0.5868 


log y—5.2270 
у=1.686 x 10° 
y=168.600. 
EXERCISES 

Write the following as power of ten: 
(а) 0.01 (4) 45684.45 
(b) 0.00245 (е) 0.95 

1 
(Too 
How many significant figures are indicated in each number below? 
(а) 0.0491 (d) 2.3x10* 
(b) 3.0675 x 103 (e) 35x105. 


(c) 23,000,000 
[Ans. (a) 3, (Б) 5, (с) 2, (4) 2, (е) 3.] 


: Solve the'followirg: 


(a) (2.30% 107) (1.65х10-) (d) (0.0c0212)x (0.000063) 
7.81х10-3 xX 

(yo (e) (6.9273 x 107) x (8.96 X 10-3) x (5x 109) 
0.000063 

(9 0100005127 


[Ans, (а) 3.80104, (b) 1.215 107°, (c) 3.0х 1071, (d) 1.34 1078, 
(е) 3x10*.] 


How many significant figures are there in each of the following numbers, 
assuming that there is uncertainty of +1 unit in the last digit? 

(a) 3.07, (b) 307, (c) 0.00307, (d) 3.070 x 107?.] Ans, (a)] 

Using your slide rule, find the square root of (i) 22.2, (i) 15.2, (iii) 30.0. 

[Ans. (i) 4.71, (ii) 3.90, (iii) 54.7.] 

Using your slide rule find the value for (i) (2.3)*, (ii) (43.0)?, (iii) (0.0810)*. 

[Ans. (i) 5.3, (ii) 1.85 10*, (iii) 6.56x 10-3.] 

Using your slide rule find the cube root of 2.3x10~*. [Ans, 6.13 х10-2.] 
Given the exponential equation a? . а=а*, write z in terms of x and у. 

[Ans. z=x+-y.] 


Given the exponential equation (m7)' —mf, write t in terms of г and s. 
[Ans. г=г, s.] 


Write the answers to the following in the simple exponential form: 
U®x 105 4.10° S 
тат, (b) 7. 10-" (с) p? . 9°. 
4 
[ Ans. (a) U- 107,0) 104, (9 г.) 


Write each of the following as а single exponential: 


(а) 4/ 8, (Б) УР, (с) М 10. 
[Ans. (a) 8%, (6) P5, (6) 10k] 


What is the logarithm of 


(a) 2.55, (b) 890, (c) —0.0067. 


. [Ans. (a) 0.407, (b) 2.949, (c) 0.826—3.] 
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18.13. What is the antilogarithm of 
(а) 0.548, (Б) 2,708, (с) —2.687. 
[Ans. (а) 3.53, (b) 5.10 x 10°, (с) 0.00206.} 
18.14. Solve the following using logarithms: 
(а) 6.67 X 10-7 x 1.38 x 105, (b) 6.02 x 10-3 +4.80 x 10-35, (с) (4.60) 4/5, 
[Ans. (а) 9.20: 1075, (b) 1.25x 107, (c) 1.36.] 
18.15. What is the antilogs (to the base 3) of the following numbers: 
(a) 3.0, (b) 2.0, (c) 0.5. 
(Ans. (а) 27, (b) 9, (c) 1.732. 


4а € M34 ava четох ози ос а 


APPENDIX I 


GREEK CHARACTERS 


alpha 
beta 
gamma 
delta 
epsilon 
zeta 
eta 
theta 
kappa 
lambda 
mu 
nu 
nu-bar 
pi 
tho 
sigma 
tau 
i phi 
chi 
psi 
omega 
delta 


APPENDIX П 


METRIC MULTIPLES 


Prefix symool 
10° Giga G 
10° Mega’ M 
10° Kilo k 
10-* Deci d 
107* Centi c 
107* Milli m 
10-° Micro " 
107* Nano n 
10+ Pico р 


APPENDIX III 
SI UNITS AND SOME, 
PHYSICAL CONSTANTS 


These days there is tendency to adopt international system of units referred to 
as SI (Systeme International d'Unites). This is based on the following seven 
independent physical quantities given in Table I. 


TABLE I. SI units and unit symbol for som? рї ¿sical quantities 


Physical quantity Basic SI unit Unit symbol 
Length metre x 
Mass kilogramme g 
Time second А 
Electric current ampere A 
Thermodynamic temperature kelvin le 
Amount of substance mole a 
Luminous intensity candela it 


TABLE II. SI units for some of the physical quantities 


Physical quantity ш 

° 
Area, A ae 
Volume, V Nm-? Jm-* 
Pressure, P m? mole-? 
Molar volume, Иж J 
Work J 
Heat J 
Enthalpy J 
Helmholtz free energy, 4 J 
Gibbs free energy, G JK 
Entropy, 5 JK" 
Heat capacity JK- mole-* 
Molar gas constant, R JK 


Boltzmann constant, k 
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Partial molar volume of a substance B, Vp 
Osmotic pressure, x 

Polarizability of a molecule, « 

Dipole moment of a molecule, № 

Faraday constant, F 

Electric conductance 

Specific conductance, K 

Molar conductance џ 


Transport number of an ion, tt 
Activation energy AE 
Collision number, Z 

Planck's constant, A 
Wavelength, 2. 


m* mole ^* 
"Nm? 

Cmr V 

Cm 

C mole“? 
uc 

Aga m7? 
Mm? mole 
Dimensionless 
J mole 

m~ s7! 

Js 

m 


However some non-SI units, such as minute, hour, degree, celsius and litre are 


also in use. 


TABLE Ш. Values for some physical constants 


Quantity Symbol 
Speed of light с 
Planck constant h 
Avogadro number N 
Electron charge —e 
Electron rest mass me 
Proton rest mass те 
Faraday constant F 
Bohr magneton ив 
Rydberg constant а Ry 
Bohr radius ао 
Nuclear magneton UN 
Boltzmann constant k 
Gas constant R 


Value SI units 


2.997925 х 108 ms-! 
6.62620 x 10-34 Js 
6.02217 x 10° mole-t 
1.602192 x 107? с 
9.10956 10—21 kg 
1.67261 X 10-27 kg 
9.64867 X 10* C mole! 
5.05096x 10-27 ЈТ-1 


1.0973731 x 107 m-! 


5.291772 x 10:7 m 
5.05095 x 10-87 JT- 
1.38062 10-5 J.K.-1 
8.3143 x JK! mole? 


— 


APPENDIX IV 
COMMON DERIVATIVES AND INTEGRALS 


Consider two functions и and 
constant. 


у, which are functions of x only anda isa 


Derivatives 
aa) o d(au) _ du 
dx dx dx 
d(xh) т d(u") _ 7] 
җый Aes ктү 
aa) NR BED i, on d 
dx dx dx 
dia): __.. d(In x) 1 
de “Иа de x 
d(a) _ du dlogiox 1 
de ae dx 23026 
dinu_ 1 du diogu. . "i dx 
dx u dx ах 2.3026и ах 
d(ukv) _ du dv | 
ах “ДХ dx 
aCe), руб 
de as ar 
аш) _ 1 мои dv 
UN и 5 у dis 
я d(sin и) du 
d(sin х, = pu, 
ems ) = cos x dk SU 
d(cos ; 1 
dcos X) — —sinx (со и) — sinu 
Integrals н 
xm 
[ж=х+с | хийх күү tC (710) 
а; 
|<—-һ x+C | exdx=e=+C 
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sin xdx= —cos x+C 


cos xdx=sin x+C 


(ах by 


п(л+1) +С (n#1) 


(ax+b)" dx = 


Сй = | SED. L2, Gckb)-Hb* In (ax+8)]+ с 


| 
| 
| 
1—- BET 
E 
Е 
|же 


aui =a | udx 


(и+у)ах= СЕ vdx 


| 
(бизе | g 
Jes 


nle** [ (a)" — (ax) , (ax)"- (ax)"— 
Таты emm СЕТ s eS GE C enl 


ter | +e 


со 2t со 
| нал Е [ees xdx= —} 
a Я 2a 
0 0 
со ae со 
| £799 y=} ә. | ec? х°дх== —— 
7 2a? 
0 0 x 
The general formula of the integral for even values of n is 
о 
i 
£79? xdx—1.3.5 .. . (n—1 а 
| ну 
0 


. for odd уајиеѕ of n 


E i 2(n—2) 3]! 


| C dien ПНП 


0 
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LOGARITHMS 


о {1212 | е [5 [5 [а [е fi23[456|789 
8D | осоо [043 [0586 | 0128 |0170 59 1311721 26| 30 34 38 
0212 |0253 | 0294 | 0334 | 0374 45 12| 16 20 24| 28 32 36 
48 1211620 25 | 27 31 35 
обо | 0645 | 0632 | 971910755 147 11 15 18 22 2629 
DE 3711 | 14 tS 21125 28 32 
0969 | ico7 | 1038 | 1072| 1106137 19| 1417 2012427 31 
NAE mme к 2326 29 


ii [10414 045310492 |0531 [0569 


12 || 5792 10823 | 0803 | 0899 [0934 


15 {1139 [1173 | 1206 | 1239 | 1271 


—|— |— | | 1303] 1335 [1367 | 1399] 1430]37 10 222529 

14921 152311553 | 1584 369 2225 28 

1614 | 1644 | 1673 | 1703 | 1732 369 2023 26 

1790 | 1818 | 1847 | 1875 316 6 2023 20 

1903 | 193111959 | 1987 |2014 36 8 19 22 25% 

068 | 2055 | 2122 | 2148 36 8 192224 

- 2175 |2201 [22272253 |2279|35 8 18212 

2330} 2355|238012405| —— 35 8 18 20 23 

y EMI МШШ Г: 2430} 2455 | 2480 | 2504 | 2529 as 9 172022 

2577 |5601 | 2625 (2648| — 25 171921 
1 pals a 2672 | 2695 | 2718] 2742 | 2765 |24 
= ын = 


3932 | 3054 | 3075 [3096 | 3118 | 3:39 | 3160 | 3181 | 3201 [14 


3444] 3463 [3483 | 3502 | 3522 |3541 1356013579 | 3595 |24 
| 303613655 | 3674 13692 |3711 |3729 | 3747 | 3766 |3784 12 4 
24 113802 | 3820] 3835 | 3856 | 3374 | 3302 | 3909 | 3927 | 3945 |3962 |2 4 


25, dus $014 | 4031 | 4048 | 4065 | 4082 | 4099] 411614153] 23 


151504169 | 4183 2209 | 4216] 4232] 4249 14265 | 4281 4298123 
27 |1 4314 [4330 [4346 | 1362 14373 | 4393 14409 1442514440] 4456 | 23 
28 15372 14387 | 2502 | 551814533 |4548 |4565 [457914503 14699 12 3 
| 2% 14624 {2939 | 455 4069 14683 | 4909 4713 1 4728 | 474214757 13 
39 14771 [47361 4250 | а814 1 232014843 | 4857 1 4871 | 48861 4900] 2 

14914 £4928] 4942 | 4955 | {969 | 4983 | 4997 1 Sort | 5924 | 5038 [13 
| 82 || 5051 1 5655 | 50791 5092 [ 5105 | 5119 $132) 5145/5159 517213 
33 $1851 5193 | 52111 5224 | 5237 | 5250 | 5263 1527015209 | $302 11 3 
88 [53:51 5328 519/5553 5366 5378 ke 5416] 5428112 


Saat [5433] 54551 5478 НЫ 


2 
th 


555315575 | 9587, 
3? (5682 | 5698 | 5705 | 5787 15729 19. $10 
88 || 5796 15869 | 5821128321 5333 12 910 


39 | вота [5922 | 59335944 15555 


12 910 
бла2 |1 2 $ 
6325 [12 

12 8 

8 


6599] 6609 
6593 |6702 |0 
6785 | 6294 |6893 

51638415393 
$97: | 6981 
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6998 | 7097 | 7016 
7084 | 7093 |710! 
7168 | 7177 | 7185 
7251 | 7259 | 7267 
[7332 |7340 | 7348 
7442| 7419 |427 
7499] 7497 | 7595 
7566 | 7574 | 7582 
7642 | 7649 | 7657 
7716] 7723 | 7731 
7789 | 7796 | 7803 
7860 | 7868 | 7875 
1034 7938 |7945 
8000 | 8007 |8014 
8069 | 8075 | 8082 
8136} 814218149 
8202 | 8209 | 8215 
8267 | 8274 | 8280 
8331 | 8338 | 8344 
8395 |8401 | 8407 
78457 | 8463 | 8470 
8519 |8525 | 8531. 
8579 | 8585 | 8591 
8539 | 8645 | 8451 
2 18698 | 8704 |87їо 
3756] 8762 | 8768 
8314 |8820 | 8825 
8871 | 8876 | 8882 
8927 pe 8938 
7 


9036 | 9042 | 9047 
9290 |5206 |9101 
914319145 | 9154 
9196 | 9201 | 9206 
9248 1925319258 
9209 | 93049369 
9350 | 9355 |9360 
9400 19405 |9410 
1945019455 |9460 
9499 |9504 |9509 
9547 | 9552 | 9557 
9595 | 9600 | 9605 
9643 | 9647 | 9652 
9659 | 9694 | 9699 
9736 | 9741 |9745 
9782 | 9736 | 9791 


9517 | 9921 | 9926 


9827 | 9832 | 9836 198. 


9961 | 9965 | 9969 


7024 
7110 
7193 
7275 
7356 
7435 
7513 
7539 
7664 
7738 
7810 
7882 
7952 
8021 
8089 
8156 
8222 
8287 
8351 
8414 
8476 
8537 
8597 
8657 
8716 
8774 
8681 
8887 
8043 
8998 
905 
9i 
9159 
9212 
263 


LOGARITHMS 


7033 
7118 
7202 
7284 
7364 
7443 
7520. 
7597 
7672 
7745 
7818 
7889 
7959 
8028 
8096 
8162 
8228 


9934 
9978 


7042 
7126 
7210 
7292 
7372 
7451 
7528 
7604 
7679 
7152 
7825 
7896 
7966 
8035 
8102 
8169 
8235 


8299 


EET 


8488 
8549 

860) 
8669 
8727 


| 8785 


8842 
8899 
|8954 


9009 | 
9063 | 


9117 
9:70 
9222 
9274 


9939 
9983 


7050 |7059 |7067 11231345 
7135|7143|7152|]123|34 5 
721847226|7235|123|34 5 
7300 |7308 |73161:22|345 
7380 | 7388 |7396]12 2/54 5 
7459) 7466| 7474 }|122|345 
7536 |7543 |7551 112 2|34 5 
7612 | 7619 | 7627 |122|34 5 
76861 7694 | 77011132344 
7760 | 7767 |7774| 11 2/344 
7832 | 7839 1784611121344 
7993 |7910| 7917 [1121344 
7973 | 7980 | 7981 |11 2|2 24 
8041 | 8048 | 8055411 21334 
8109 | 8116 | 81224112334 
8176 | 8182 | 8189 {1121334 
8241 | 8248 | 8254 |112|334 
8305) 8312 | 83191 112]|334 
8370 |8376 | 8382 [1121334 
8432 | 8439 | 8445 | 1 1 2]234 
8494 | 8509 | 8508 f1 1 2|234 
8555135611 8567 4112|234 
86:5 | 8621 | 3627 [112|234 
8675 | 8681 | 8686 [112|234 
8733 [8739 8745 [112|234 
8791 | 8797 |8802 f 1 1 2|2 3.3 
8848 | 8854 | 8859 {1121233 
8904 | 8910] 3925 [1121233 
8960 [8965 | 8071 [112]233 
9015 | 992019025 [1121233 
9059 | 9074 | 9079 1 1 2|2.3 3 
9122 | 9128 | 9133 [112/233 
9175 | 9180 | 6186111121233 
9227 9232 9238 112|233 
9279 [928419289 112/233 
9330|9335|9340|1 12/23 3 
9380 | 9385 | 9390 [1121233 
9430 | 9435 | 9440 {011223 
9479 | 9484 | 9489 |o1 1]22 3 
9528 | 9533195331218 |223 
9576 | 9581 | 9586 [от1[22 

9624 |9628 | 9633 отт 223 
967119675|0680j]01 1|22 3 
9717,0722|9727|]o0t 11223 
976319768|97731o t 1|22 3 
9809 | 9814 | 9818 1от1|223 
9854 |9859 | 9363 [0111223 
9399 | 9903 | 9908 [01 1|223 
9213 9948 |9952 [0111223 
9987 |9992 19996 |o1 1/223 


тегере Ooo) 
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munun AAD 
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Maw yua 


Raapa >и озь SHAUN UYUA AA SA Un 
лом BUA < ОС С оО СО О СО 


Rope DONS BUN tu ОУ О О 


1 
02 
03 
04 
"05 
08 
:07 
*08 
+09 | 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
-23 
"24 
26 
26 


1047 
1072 
1096 
1122 
1148 
1175 
1202 
1230 
1259 
1285 
1318 
1349 
ue 
14:5 
1445 
1479 
1514 
1549 
158 

1022 
1660 
1698 
1738 
1778 
1820 
1862 
1905 
1950 
1995 
2042 
2089 
2138 
2188 


2239 
2291 
2344 
2399 
2455 
3512 
2570 
2630 
2692 
2754 
2818 


2884 


2951 
3029 


j 3090 
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